Trace element analysis of human tooth enamel by laser ablation-inductively coupled plasma-mass spectrometry for estimation of region of origin by Jones, Meaghan Elisabeth
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2014
Trace element analysis of human
tooth enamel by laser
ablation-inductively coupled
plasma-mass spectrometry for
estimation of region of origin
https://hdl.handle.net/2144/14378
Boston University
  
 
BOSTON UNIVERSITY 
 
SCHOOL OF MEDICINE 
 
 
Thesis 
 
 
TRACE ELEMENT ANALYSIS OF HUMAN TOOTH ENAMEL BY  
LASER ABLATION-INDUCTIVELY COUPLED PLASMA- 
MASS SPECTROMETRY 
 FOR ESTIMATION OF REGION OF ORIGIN 
 
by 
 
MEAGHAN E. JONES 
B.S. University of Idaho, 2012 
 
 
 
 
Submitted in partial fulfillment of the  
requirements for the degree of  
 Master of Science  
2014
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2014 by  
                                               MEAGHAN ELISABETH JONES 
                    All rights reserved 
 Approved by 
 
 
 
First Reader  
 Jonathan D. Bethard, Ph.D. 
Assistant Professor of Anatomy and Neurobiology 
Program in Forensic Anthropology 
  
  
  
 
Second Reader  
 John V. Dudgeon, Ph.D. 
Associate Professor of Anthropology 
Idaho State University 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
ACKNOWLEDGMENTS 
 I would like to thank Dr. Jonathan Bethard for all of his support and advice, and 
of course for giving me both the personal and academic inspiration for this project.  I am 
also grateful to Dr. John Dudgeon for being my guide through all of the technical aspects 
of this research and allowing me into the wonderful Center for Archaeology, Materials, 
and Applied Spectroscopy at Idaho State University to perform analysis.  He has had a 
great influence on my research interests across the years and the miles.   
I would also like to acknowledge Marie Holmer for her invaluable assistance with 
sample preparation and analysis, as well as for her advice throughout the process of 
preparing the research for presentation.  I am deeply grateful to Adam Keener for 
assisting me with the development of the categorization systems used during analysis.  I 
am also grateful to Anlee Krupp and colleagues at the Boston University Precision 
Measurement Laboratory for assisting with preliminary SEM analysis and imaging. 
Last, but certainly not least, I am eternally grateful to my friends and family for 
supporting me through the trials and tribulations of my first major research project.  
Chance Rush, you are the reason I had the confidence to keep working on this project 
even when it felt impossible.   
  
v 
TRACE ELEMENT ANALYSIS OF HUMAN TOOTH ENAMEL BY LASER 
ABLATION-INDUCTIVELY COUPLED-PLASMA MASS SPECTROMETRY 
FOR ESTIMATION OF REGION OF ORIGIN 
MEAGHAN E. JONES 
ABSTRACT 
Tooth enamel is among the most durable substances in the human body and as 
such has high recoverability in forensic anthropology cases.  Its crystalline 
hydroxyapatite matrix has a slightly variable chemical composition which incorporates 
biologically available trace elements.  The trace elements are derived from an 
individual’s diet and the water he or she consumes during the period of enamel 
formation.  As a result, trace element profiles of enamel can reflect the geology, 
pollution, and certain cultural dietary factors of the area in which the individual resided 
during this period. 
This research examines a sample of teeth with known demographic information 
from the Antioquia Modern Skeletal Reference Collection in Medellin, Colombia.  A 
sample set of 75 teeth from 61 individuals born in  areas throughout northwestern 
Colombia were analyzed using laser ablation-inductively coupled plasma-mass 
spectrometry (LA-ICP-MS), a minimally destructive, semi-quantitative technique.  
Analysis was performed at the Center for Archaeology, Materials, and Applied 
Spectroscopy (CAMAS) at Idaho State University.   
33 elements were analyzed in the sample.  Nonparametric methods were used to 
assess the relationship between elemental profiles and region of origin.  Sr, Mo, Ag, Ba, 
vi 
Eu, and Tm concentration profiles were found to vary among regional groups.  Al, Ni, Cr, 
Mn, Co, Sr, Cd, Sb, Sm, Eu, and U were found to predict region of origin.  Differences in 
municipality were classified with 72% accuracy, variation across the department of 
Antioquia was classified with 67% accuracy, and the age of the geologic substrate was 
classified with 67% accuracy.  The results suggest that trace element analysis of 
permanent tooth enamel may be of some use in estimating an individual’s region of 
origin in forensic anthropological contexts.  Further research with both larger sample 
sizes and more geographic variation is necessary.   
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1.  INTRODUCTION 
Determining region of origin has significant forensic relevance.  Holobinko 
(2012) states that when the geographic origins or recent residence of an unidentified 
decedent are unknown, the pool of missing persons reports for comparison purposes is so 
large as to be useless, DNA comparison to suspected relatives is precluded, and obtaining 
antemortem medical or dental records is logistically impossible.  As a result, positive 
identification often requires a known geographic factor to serve as a starting point for 
further investigation.  Increases in the prevalence of international travel and intra- and 
inter-continental relocation over the last several decades have led to a correspondingly 
higher number of unidentified individuals originating from unknown locations. 
Models of human migration tend to be based on economic factors: generally 
movement flows from an area with a low income to areas with a higher income and more 
economic opportunities (Petersen 1958, Holobinko 2012).  This movement is governed 
by "push" and "pull" factors.  Push factors may include limited job availability, adverse 
environmental conditions, poor infrastructure, or lack of social freedoms.  Pull factors 
include perceived opportunities for better jobs, living conditions, infrastructure, and 
increased social freedoms.  These factors apply to both internal and international 
migration patterns, the latter especially influenced by social elements (Tung 2012).  In 
general, among industrial and post-industrial societies migration tends to be toward urban 
areas, so the largest numbers of unidentified, nonlocal decedents would be expected to 
arise in urban centers (Harris and Todaro 1970, Basu 2001).  Temporary and multiple 
migration patterns are associated with high income countries which encourage 
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immigration for a specified period of labor, while involuntary migration tends to be a 
result of either intolerable conditions (environmental, political, or social) resulting in 
large numbers of refugees or forcible removal (human trafficking) (Petersen 1958, 
Richmond 1988) 
Holobinko (2012) classifies evidence of migration as indirect (inferred) or direct 
(quantifiable).  These categories are primarily defined by archaeological methods and 
samples, but are applicable in forensic contexts.  Material culture comprises both classes 
of evidence: written records constitute direct evidence while stylistic variation in artifacts 
may be used as indirect evidence.  In an archaeological context, mortuary and 
bioarchaeological analyses can provide a great deal of evidence of migration and imply 
possible regions of origin (Tung 2012).  Variation in mortuary practice may suggest the 
presence of multiple groups from different geographic origins, implying that a migration 
event had occurred.  Additionally, some bioarchaeological markers have been associated 
with population variation with a geographic basis which may constitute direct evidence of 
migration among populations with a defined geographic range.  In modern forensic cases, 
mortuary data are more likely to reveal information about those responsible for the burial 
than about the victim, and population flow makes bioarchaeological markers of 
geographic origin unreliable (Holobinko 2012).   
DNA also provides only indirect evidence of migration.  Though mtDNA has 
been demonstrated to show geographic clustering of ancestral groups (e.g. Relethford 
2010), it must be correlated with direct evidence of migration to contribute to an identity 
profile.  Isotope ratios associated with geographic factors such as local geology, diet, and 
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climate constitute direct evidence of migration, and various elemental isotopes drawn 
from different parts of the body may be used to reconstruct a life history including 
quantitative data about residence and migration (Aggerwal et al. 2008, Knudson and 
Stojanowski 2008, Tung 2012).   
 
METHODS FOR ESTIMATING REGION OF ORIGIN 
 Many methods for estimating the region of origin for human remains have been 
developed across a wide variety of disciplines.  Early biological anthropologists 
perceived region of origin through the lens of ancestry: ancestry and geographic 
provenance were inextricably intertwined and were demonstrated through the analysis of 
craniometrics (e.g. Hrdlicka 1920, Stewart 1948, Howells 1977).  More recently, 
biological anthropologists have discussed patterns of global distribution of traits, both 
metric and nonmetric (Sauer 1992, Hefner 2009, Ousley et al. 2009, Relethford 2009, 
Relethford 2010).   
The relationship between ancestry and geographic provenance has been refined 
through studies of DNA, especially ancestral mtDNA.  mtDNA and Y chromosomes, 
which are uniparentally inherited, are popularly used to generate lineage based genetic 
estimates (Royal et al. 2010).  Genetic matches imply that individuals share a common 
ancestor – however, it is difficult to determine how recent the shared ancestry is or to link 
it to a geographic distribution – though this type of analysis has been successfully used to 
make inferences about early human origins and migration patterns (e.g. Achilli et al. 
2004, Serre et al. 2004, Torroni et al. 2006).  Autosomal variation allows for a much 
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more nuanced genetic analysis, and has been used to estimate patterns of trait distribution 
among geographically bounded populations (Royal et al. 2010).   
Movement and migration have been studied archaeologically in osseous tissues 
through the extensive application of isotopic analyses (e.g. Price et al. 1994, Ezzo et al. 
1997, Beard and Johnson 2000, Lillie et al. 2003, Koon and Tuross 2013).  In the last 
several years, isotopic analyses of osseous tissues have been applied in modern forensic 
contexts for estimating region of origin (Beard and Johnson 2000, Pye 2004, Rauch et al. 
2007, Aggerwal et al. 2008, Juarez 2008, DeGryse et al. 2012).  Isotopic analysis of soft 
tissues are also becoming prevalent (e.g. Rauch et al. 2007, Mutzel et al. 2009).  Finally, 
methods of estimating region of origin are beginning to develop based on trace element 
profiles of osseous tissues (Price et al. 2003, Pye 2004, Darrah 2009).   
 
GEOCHEMICAL ANALYSIS AND REGION OF ORIGIN 
There are two main groups of techniques are used for geographic sourcing of 
materials: isotope ratios and elemental concentrations (Pye 2004).  These techniques have 
been developed among geoscientists, archaeologists, and ecologists but few studies have 
been conducted on modern populations for forensic applications. 
Because of the bond strength derived from the high proportion of calcium 
hydroxyapatite in enamel, it is less susceptible to diagenetic changes than other osseous 
tissues in the body and therefore preferred for chemical analyses (Stack 1955, Price et al. 
1992).  This is particularly important for older forensic or archaeological material or in 
reactive soil/water environments.  Tooth enamel is preferred to bone for chemical 
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analyses because even the densest cortical bone found in the midshaft region of long 
bones still has a lower proportion of hydroxyapatite, is less dense, and is more subject to 
diagenetic alteration (Bell 1990, Lee-Thorpe and van der Merwe 1991, Hillson 1996, 
Hoppe et al. 2003).  Hair and nails are subject to surface contamination not only from 
deposition environment, but also from sprays, gels, and cleansers and must be prepared 
appropriately (Pye 2004).   
Variation in isotope abundances occurs primarily from initial abundance 
variations in the geological substrate and from the increased abundance of radiogenic 
isotopes over time.  Weathering, transport and redeposition of primary rock material as 
sediment, and chemical precipitates can affect bulk geological abundancies while cosmic 
rays and biological processes such as photosynthesis, animal metabolism, and microbial 
degradation can affect surface sediments (Krauskopf and Bird 1967).   
For geographic provenance studies, elements which do not undergo isotopic 
fractionation over the course of biological processes are preferred (Pye 2004).  These 
include the radiogenic isotopes of Sr, Nd, and Pb.  The isotopic ratios of these elements 
in biological tissue reflect the geological origins of the bulk of an organism's diet, rather 
than preferential absorption of specific isotopes.  Additionally, radioactive isotopes of 
elements such as U, Th, Cs, Po, Pl, and Am which are either naturally occurring or the 
products of human-induced nuclear reactions can be analyzed to assess proximity to 
nuclear facilities, waste dumps, or other sources of contamination (Pillonel et al. 2003).   
There are serious difficulties associated with using individual soil, rock, sediment, 
or plant samples for biological provenancing because these samples represent a 
6 
 
microenvironment while biologically available elements are drawn from a much larger 
area (Pye 2004).  When biological comparison samples are not available, river alluvium 
and airborne dust deposits provide a better indication of the average elemental profile of 
the region.  However, while geological samples provide a good starting place for 
provenancing, "for modern forensic purposes there is no real substitute for comparison 
with data relating to modern humans whose life histories and dietary/cultural behavior are 
well known" (Pye 2004: 222).  The use of direct comparative data also helps to 
counteract the globalization of food and drink among modern populations which 
decreases the degree of regional elemental identity, which is especially important since it 
has been demonstrated that there is not a simple relationship between tap-water and 
geographic correlation (e.g. McClure and Likins 1951, Vrbic and Stupar 1980).   
 
BIOLOGY OF TRACE ELEMENTS IN DENTAL ENAMEL 
Biological Growth and Development of Teeth 
 Enamel organs of deciduous teeth arise by the 10th week post-fertilization, while 
the enamel organs for the permanent teeth begin to develop at around the 16th week in 
utero and continue to appear through the course of the pregnancy and after birth (Deutch 
and Pe’er 1982, Hillson 1996).  Once the enamel organ develops into the precursor shape 
of the tooth, cell differentiation begins and enamel and dentin develop separately.  
Enamel secretion is performed by ameloblasts in tiny, periodic layers over the predentine 
structure generated by odontoblasts (Hillson 1996, Hammarstrom 1997).  Formation of 
deciduous dentition occurs between 14 and 19 weeks in utero.  The permanent first molar 
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begins to form around the 30th week in utero.  The permanent incisors (except for the 
upper second incisor) begin to develop around 3-4 months after birth, the canines initiate 
around 4-5 months after birth, and the upper second incisor begins to form around the end 
of the first year after birth.  The premolars and second molars begin to develop in 
sequence throughout the end of the second year and through the third year (Hillson 
1996).   
Crown completion is more variable than initiation, but the permanent first molar 
crown are typically complete by 3 years, the incisors at 4-5 years, the canines and first 
premolars at 6 years, and the second premolars and second molars at 7 years.  The 
completion of root formation is even more variable but generally concludes 
approximately 6 years after crown formation is finished.  The permanent third molar 
initiates formation between 7 and 13 years, the crown completes in the mid-teens, and the 
roots complete during the early 20s (Hillson 1996).  Several methods of age assessment 
from tooth development exist and are forensically utilized, notably Morrees, Fanning and 
Hunt's 1963 publication and modifications thereof, and AlQahatani's 2010 London Tooth 
Atlas.  Ubelaker (1978) synthesized known data on tooth formation and eruption times 
and created a chart designed for the analysis of Native American children.  It depicts both 
deciduous and permanent dentition placed in the jaws throughout several age related 
stages of formation and eruption.  See Figure 1-1 for a version of this chart.    
The enamel matrix is secreted by ameloblasts (Hammarstrom 1997, Fincham et 
al. 1999).  During this secretion stage, enamel is approximately 1/3 organic and 2/3 
inorganic mineral.  The organic portion is 90% amelogenin, a protein which is unique to 
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the enamel matrix.  Once ameloblasts are finished secreting matrix, they begin to break 
down and the enamel enters a maturation stage.  At this point the organic component is 
replaced by growing hydroxyapatite crystallites which expand until the enamel is almost 
entirely inorganic and is considered fully mature.  In developing teeth there are four 
zones of enamel: the forming edge, which consists of the mixed enamel matrix, a 
transitional zone in which the organic components have begun to break down, a 
maturation zone with a notable increase in mineral content, and the fully mature zone 
(Boyde 1967, Hillson 1996).  
 
 
Figure 1-1: Buikstra and Ubelaker (1994) Sequence of dental eruption and formation 
among American Indians. 
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Mature enamel is characterized into three different patterns of hydroxyapatite 
prism distribution, the most common of which is described as a "keyhole" like pattern 
(Hillson 1996, Fincham et al. 1999).  Brown striae of Retzius indicate discontinuities in 
enamel structure which reflect the periodicity of formation processes.  The first stria of 
Retzius to develop is the neonatal line, which is apparent in deciduous teeth and the first 
permanent molar and indicates an interruption in formation processes as a result of the 
physiological stresses of birth (Whittaker and Richards 1978).  Striae of Retzius are 
visible in surface enamel in the form of perikymata:  patterns of ridges and grooves 
which are an artifact of the periodic deposition of enamel layers.  Enamel is very robust 
and survives most taphonomic effects on bodies, however, acidic soils may eradicate 
enamel and burning causes the enamel to flake away from the underlying dentin.  When 
teeth are protected in bony crypts they may survive burning, which the prism structure 
still identifiable after heating to 800°C (Hillson 1996).   
The inorganic component of bone, cement, dentine, and enamel is primarily 
hydroxyapatite with some substitutions into the calcium phosphate matrix.  Substitutions 
occur during formation, as matrix forming cells are nourished by blood which carries 
elemental contaminants.  Matrix substitutions are also found near the surface of enamel 
as a result of absorption of contaminants from saliva and foods.  Most elements do not 
show a demonstrably higher concentration in the surface layer of enamel, likely because 
they are present too infrequently in too low of concentrations for surface absorption from 
food and saliva, or because they must be metabolically separated before they can become 
incorporated into enamel.  Hillson (1996) notes that while enamel is frequently used for 
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chemical analyses of archaeological populations because of its robusticity, it only reflects 
the diet during early childhood, which may have been different from adult diets.   
 
Biogenic Sources of Trace Elements 
The following definitions and descriptions of biological sources of trace elements 
are primarily adapted from Underwood (1977).  Trace elements are defined as those 
which were present in such minute concentrations that early researchers were unable to 
quantify them.  26 elements are essential for animal life.  The 11 essential major elements 
are H, C, N, O, Na, Mg, P, S, Cl, K, and Ca.  There are 15 trace elements which are 
known to be essential: B, F, Si, V, Cr, Mn, Fe, Co, Ni, Cu, As, Se, Mo, Sn, and I.  
Elements are considered essential if they are present in all healthy tissues of all living 
animals, the concentration among animal is fairly consistent, withdrawal produces 
predictable abnormalities, addition reverses or prevents abnormalities, abnormalities from 
deficiency are always associated with biochemical changes, and those biochemical 
changes can be prevented or cured along with the deficiency.   
Several dozen other trace elements can be detected in animal tissues which do not 
meet the criteria to be considered essential.  They include Al, Ti, Ge, Rb, Sr, Zr, Ag, Cd, 
Au, Hg, Pb, Bi, and others.  "They are believed to be acquired by the animal body as 
environmental contaminants and to reflect the contact of the organism with its 
environment" (Underwood 1997: 2).  The concentration of essential elements is 
controlled by biological mechanisms, while the concentration of nonessential elements is 
controlled by the environmental levels.   
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 Sources and absorption pathways of trace elements of interest are described 
below, listed in alphabetical order by English name.  Each name is followed by the 
atomic number and chemical symbol for the element.  A periodic table is located in 
Appendix A.       
Aluminum (13Al): Al is a nonessential element and is poorly absorbed, though 
the lack of radioisotopes with a suitable half-life has made definitive research on 
absorption mechanisms impossible (Greger 1993).  However, there is evidence that more 
acidic digestive environments allow for better absorption, as does the presence of citrates 
(Greger 1993).  Al also tends to be concentrated in the lungs as the result of inhalation of 
dusts (Underwood 1977).  Approximately 50% of the 30-50 mg bodily load is found in 
bone (Underwood 1977, Greger 1993).  Al is found in small quantities in most foods, 
though some fruits and vegetables may be associated with a higher concentration due to 
adhering soil (Greger 1993).  Biologically available Al levels vary based on lithospheric 
attributes of the area in which plants are grown, suggesting that Al may be useful for 
differentiating region of origin (Underwood 1977).  However, Al contamination from 
food additives, processing techniques, cookware, or pipes may influence absorbed 
concentrations.  The use of Al vessels to prepare acidic foods can double the 
concentration ingested (Fimreite et al. 1997).   
Antimony (51Sb): Sb, as a nonessential element, is highly variable.  It tends to be 
poorly absorbed through digestive and pulmonary means, with a mean absorption level of 
no more than 5% (Belzile et al. 2011).  Sb has been detected in human tooth enamel in 
concentrations ranging from 0.005-0.67 ppm (Underwood 1977).  Sb is primarily 
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absorbed from inhalation of airborne pollutants or consumption of drinking water; dietary 
sources have a very small impact on overall Sb load except when foods are grown on 
contaminated soils (Belzile et al. 2011).  Some food storage techniques also contribute to 
higher Sb concentrations (Underwood 1977, Belzile et al. 2011).  Airborne Sb is 
naturally present as a result of geological dust, but high anthropogenic concentrations 
result from industrial processes including some types of manufacturing and the use of Cu 
products alloyed with Sb (Belzile et al. 2011).   
Arsenic (33As): As is distributed throughout the body in low concentrations.  
These concentrations appear highly variable though skin, hair, and nails typically show a 
higher concentration.  As from dietary sources is rapidly absorbed and excreted.  A 
relatively large amount of As is found in the air as a result of industrial pollution though 
it is also present in seawater and public water supplies.  As is found in relatively high 
concentrations in soils but very little is absorbed into plants.  Seafoods are the highest 
contributing factor of As to the human diet, while meats, vegetables, grains, and fruits 
have a negligible impact on human As levels.   
Barium (56Ba): Approximately 22 mg of barium are found in the adult human 
body, 93% of which are concentrated in the skeleton.  Rib samples have been found to 
have a concentration of 18.0 +- 2.8 ppm in hard water areas and 19.3 +- 2.0 ppm in soft 
water areas (Underwood 1977).  Ba is poorly absorbed but has been observed in all 
samples from newborn children, demonstrating it crosses the placental barrier 
(Underwood 1977, Rossipal et al. 2000).  Different plant species incorporate Ba at 
different levels based on soil availability, and its concentrations in different food types 
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are generally undocumented though brazil nuts have a concentration upwards of 3000 
ppm (Underwood 1977, Parekh et al. 2008).  Further, high concentrations of Ba are found 
in fish products and may vary based on water qualities (Webb et al. 2012).   
Boron (5B): B is essential to plant growth but not to animal functioning.  
However, consumption of plant materials leads to a low concentration throughout the 
human body.  Human dental enamel has been found to contain 0.5-69 ppm B with a mean 
of 18.2 +- 2.65 ppm.  B is readily absorbed from plant consumption - particularly fruits, 
berries, and grains.   
Cadmium (48Cd): Cd, as a nonessential trace element, is not present in the human 
body at birth.  It accumulates until the individual is about 50 years old at which time it 
plateaus at a whole body level of approximately 20-30 mg, primarily concentrated in the 
liver and kidneys (Underwood 1977, Godt et al. 2006).  However, it has been 
demonstrated to be present in human dental enamel in concentrations ranging from 0.03-
6.70 ppm with a mean of 0.99 ppm (Underwood 1977).  There is no effective homeostatic 
control mechanism for Cd and it is retained in the human body for decades.  
Approximately 5% of dietary Cd is absorbed through the digestive tract, but the excretion 
mechanism is highly inefficient (Underwood 1977, Godt et al. 2006).  Fe deficiency and 
high fiber intake may increase the absorption of dietary Cd (Godt et al. 2006).  Cd is 
readily absorbed through inhalation: smokers have an overall Cd load that is 4 to 5 times 
higher than that of nonsmokers, and exposure to Cd containing fumes from certain 
industrial processes or fertilizers may increase Cd concentrations in the body (Godt et al. 
2006).  Minor amounts of Cd are atmospheric as the result of Cd emitting factories, and 
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most US municipal water sources contain 1-3 ppm (Underwood 1977).  Chronic Cd 
intoxication, typically from the consumption of foods grown with Cd polluted water or 
exposure to Cd dust, can result in skeletal pathologies including a low grade of bone 
mineralization, a higher rate of osteoporosis, and a high rate of bone fractures (Godt et al. 
2006).  Most Cd is dietary though this varies extremely throughout the world - plants 
grown on soils treated with certain fertilizers have much higher concentrations, and 
seafood farmed in industrially contaminated waters may contain up to 4ppm Cd 
(Underwood 1977).  Cd in human tissues is therefore strongly associated with an 
industrial environment. 
Chromium (24Cr): Cr is widely distributed throughout the human body in low 
concentrations, with no special concentration in any specific organ.  It is found in higher 
concentrations in infants and decreases with age (Underwood 1977).  Variation in liver 
and kidney Cr levels has been established in association with different geographic regions 
(Underwood 1977, Kumpulainen 1992).  Cr is poorly absorbed through the same 
pathways as Zn.  It is found in high concentrations in oysters, eggs, and non-starchy 
green vegetables, intermediate concentrations in animal products, and low concentrations 
in grains (Kumpulainen 1992, Anderson 1997).  Refinement and processing significantly 
decreases Cr concentrations in most foods; citric acid consumption increases Cr 
absorption (Underwood 1977, Kumpulainen 1992).   
Cobalt (27Co): The average content of Co in the adult human body is 1.1 mg, 
43% of which is muscular and 14% skeletal (Underwood 1977).  Co shares an absorption 
pathway with Fe and intake tends to be higher in cases of Fe deficiency (Barceloux 
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1999).  It is found in the physiologically active form of vitamin B12 (Underwood 1977, 
Barceloux 1999).  Geological differences in Co level in soils are transferred through Co 
variation in plants to B12 variation in ruminant animals.  Organ meats, muscular meats, 
and dairy provide the most B12 in the human diet though nuts and legumes also 
contribute (Underwood 1977).  Further, Co may be ingested in water (typically near 
oceans) or inhaled through airborne pollutants resulting from fossil fuel burning, certain 
fertilizers, or production of a variety of industrial products (Barceloux 1999).   
Copper (29Cu): Healthy adult humans have approximately 1.7ppm Cu throughout 
the whole body.  It tends to be concentrated in the liver, heart, spleen, kidneys, brain, and 
blood.  Approximately 2% of the Cu in the body is found in the skeleton.  A range of 
0.07-208 ppm was found in human dental enamel with a median value of 0.7 ppm and a 
mean value of 6.8 +- 4.0 ppm (Underwood 1977).  Cu is absorbed from the stomach and 
the small intestine.  It tends to be inefficiently absorbed and is regulated by the amount 
and form ingested, the dietary level of an assortment of other metal ions (including Zn, 
Cd, and Fe), and the age of the individual (Wapnir 1998).  Phytates and ascorbic acid 
depress Cu absorption.  Once Cu is absorbed into mucosal cells it enters the bloodstream; 
the majority of it is then transported to and stored in the liver (Wapnir 1998).  The richest 
dietary sources of Cu are crustaceans and shellfish, organ meats, nuts, legumes, leafy 
vegetables, dried stone fruits, and cocoa.  Intermediate sources include nonleafy 
vegetables, most fresh fruits, and refined cereals while poor sources include dairy 
products, white sugar, and honey.  Soft water, which corrodes metallic pipes, may also 
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contribute significant amounts of Cu while hard water has a smaller effect on dietary 
intake.   
Iron (26Fe): The normal adult human contains 60-70ppm Fe throughout the whole 
body.  The majority of Fe is contained in blood as well as being found in storage 
compounds concentrated in the liver, spleen, and bone marrow.  There is also Fe in milk, 
and 40-70ppm in human hair.  The body has a limited capacity to excrete Fe and so 
maintains hemeostastis by adjusting absorption.  Absorption is affected by age, Fe status, 
and health of the individual; conditions within the gastrointestinal tract; the amount and 
form of Fe ingested; and the amounts of other components of the diet.   
There are two types of dietary Fe – heme Fe, which is derived from hemoglobin 
and myoglobin consumption, and non-heme Fe which is found in cereals, fruits, and 
vegetables (Hallberg 1981).  Fe is more readily absorbed from foods of animal origin 
rather than plant origin, but the majority of dietary Fe is derived from plants.  Healthy 
humans absorb 5-15% of food Fe from a modern mixed diet, though children and those 
with Fe deficiencies may absorb up to twice that maximum.  Absorption is initiated in the 
mucosal cells of the digestive tract, which is then transferred to the bloodstream.  The 
majority of the absorbed Fe undergoes a continuous cycle of redistribution: plasma-
erythroid marrow-red cell-senescent red cell-plasma (Underwood 1977).   
The richest sources of Fe in the human diet are organ meats, egg yolk, legumes, 
cocoa, cane molasses, and parsley.  Intermediate sources are muscle meats, fish and 
poultry, nuts, green vegetables, and whole-meal flour.  Poor sources include milk, white 
sugar, white flour, rice, sago, potatoes, and fresh fruit.  Some foods also require catalytic 
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elements from other sources to aid absorption: ascorbic acid from fruits is necessary to 
utilize Fe from egg yolks, for example.  The presence of phytates can reduce absorption 
because they form a stable complex with metal ions.  Boiling can reduce the Fe 
concentrations in vegetables by up to 20%.  Modern processing and cooking methods 
may introduce Fe contamination, and many modern products are intentionally Fe fortified 
(Hallberg 1981).  However, it is difficult to infer the amount of Fe ingested from the 
amount of Fe in the body because some foods (meats) allow for more efficient absorption 
than others (vegetables). 
Lead (82Pb): Total lead found in adult human bodies ranges from 90-400 mg.  It 
is not an essential trace element and its level in the body fluctuates with dietary 
availability.  Approximately 90% of this is contained in the skeleton.  It is absorbed 
through the muscosal cells of the small intestine and is affected by dietary levels of Ca, P, 
Fe, Cu, and Zn.  There is a slight increase in Pb levels with age, indicating that excretion 
processes are slightly less efficient that absorption processes.  There is a very slight 
"natural" level of Pb in air and water, but human industrial processes have increased this 
concentration by several orders of magnitude in heavily populated and industrialized 
areas.  In polluted areas, inhaled Pb (which the body absorbs more efficiently) may 
dominate total intake.  Drinking water also contributes to total intake, especially in areas 
with soft water which utilize lead tanks and piping which can become corroded.  Tubers 
and vegetables have the highest average Pb content, followed by animal products and 
then by grains.  There is no major effect of processing on Pb levels in grains.   
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Lithium (3Li): Li is widely variable based on geological availability.  It is found 
in small quantities in most plants and absorbed fairly efficiently into the body though 
little of it is retained.  Li is also absorbed from drinking water which carries geologically 
determined levels.   
Manganese (25Mn): A normal adult human is estimated to have 12-20 mg Mn 
distributed throughout the body.  Mn does not appear to be concentrated primarily in any 
specific organs, though bones likely contain an above average amount (Underwood 1977, 
Greger 1998).  Less than 5% of dietary Mn is actually absorbed under normal conditions, 
through the same mechanisms as Fe and Co (Underwood 1977).  Mn is more readily 
absorbed from water than from food (Greger 1998).  In the human diet, nuts and whole 
cereals contain the most Mn, vegetables contain variable amounts, and meat, fish, and 
dairy have low concentrations of Mn (Underwood 1977, Greger 1988).  
Molybdenum (42Mo):  Mo is found in very small concentrations throughout the 
body and is heavily influenced by dietary availability.  It is concentrated primarily in the 
liver and bone, and in the kidneys, spleen, lungs, brain, and muscle to a lesser degree 
(Rajagopalan 1988).  Less than 5 ppm is found in human blood (Underwood 1977).  
Absorption is governed by the S status of the diet: an increase in S intake leads to a 
decrease in Mo absorption because the presence of inorganic sulfate interferes with the 
transport of Mo across membranes (Rajagopalan 1988, Vyskocil and Viau 1999).  Mo 
content of foods varies greatly depending on the soil type on which they are grown; in 
general vegetables have the most Mo, followed by legumes and grains (Underwood 1977, 
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Vyskocil and Viau 1999).  Fish and poultry also have relatively high amounts of Mo 
(Rajagopalan 1988).  This suggests that Mo may be a good geographic discriminator.   
Nickel (28Ni): Ni is found in low concentrations throughout the human body with 
no notable concentrations in any organs.  Human dental enamel has been found to contain 
an average of 0.64 ppm of Ni with a range of 0.11-3.00 ppm (Underwood 1977).  Only 
about 1-10% of ingested Ni is absorbed; much of it is excreted through sweat.  Its 
absorption appears to be homeostatically regulated, though this regulation may break 
down with abnormally high Ni intake (Solomons et al. 1982).  The foods containing the 
highest amounts of Ni are green leafy vegetables and seafood, with lower concentrations 
found in fruits, tubers, and grains.  Animal products and refined foods contain negligible 
amounts of nickel (Underwood 1977, Solomons et al. 1982).  Some processing 
techniques may add Ni back into foods but this is not well documented (Underwood 
1977).  Absorption may also be suppressed by chelating agents such as ascorbic acid, 
citric acid, pectins, and tannins (Solomons et al. 1982).   
Rubidium (37Rb):  An average of about 360 g Rb have been detected throughout 
the whole of the adult human body.  It is normally found in higher concentrations in soft 
tissues, and in relatively low concentrations in bone and tooth enamel.  Meat products 
have the highest concentration of Rb; fruits and vegetables have a moderate Rb 
concentration and grains have a low concentration.   
Selenium (34Se): Se is found in all tissues of the human body in various 
concentrations dictated by tissue type and dietary availability.  Human dental enamel has 
been found to contain 0.12-0.90 ppm Se with an average of 0.43 +- 0.03 ppm.  Se 
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absorption varies dependent on the dietary levels of several other elements including As 
and Hg.  It is absorbed in the duodenum and carried mainly in the plasma, from which it 
enters all other tissues.  Se levels in foods are highly variable based on soil conditions.  
Seafoods, organ meats, and whole grains tend to have high concentrations of Se while 
fruits and vegetables are poorer sources.  Processing techniques reduce Se content, as 
does boiling.  In seleniferous areas, drinking water may contribute to Se intake.  High Se 
consumption may increase susceptibility to dental caries.   
Silver (48Ag): Ag is nonessential but is found in low concentrations in soils, 
plants, and animal tissues.  It can also contaminate foods through the use of cooking-ware 
or ornamentation.  Dental enamel has been reported to have a concentration of 0.01-0.77 
ppm with a mean of 0.14 ppm Ag.  Ag interacts metabolically with Cu and Se - high 
concentrations of Ag emphasize deficiencies in Cu and Se.   
Strontium (38Sr): Total Sr content in the normal adult human is estimated to be 
around 323 g.  99% of this is found in bone (Underwood 1977).  Concentrations in bone 
increase with age and have been found to vary with geographic location, which has been 
attributed to geological variation reflected in the water supply.  Human dental enamel has 
been demonstrated to have a range of 21-280 ppm with a mean of 121 +- 11 ppm in a 
sample of US residents (Underwood 1977).  Sr levels in the human body are inversely 
related to Ca - higher concentrations of Ca are associated with lower concentrations of Sr.  
Sr is absorbed through the small intestine, then carried through the blood to be 
preferentially deposited in bones and teeth (Nielsen 2004).  It is rapidly incorporated 
through surface absorption or preosseous protein binding, and slowly incorporated into 
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the lattice structure of hydroxyapatite during formation (Underwood 1977, Nielsen 2004).  
It is poorly absorbed and retained from dietary sources.  Plant foods are more Sr rich than 
animal foods, and in some areas drinking water may contribute significant amounts 
(Underwood 1977).   
Tin (50Sn): Sn has been found in approximately 80% of human tissues in a low 
concentration, though the concentration has been demonstrated to vary with geographic 
location.  A range of concentrations from 0.03-7.10 ppm with a mean of 0.53 +- 0.4ppm 
has been detected in human tooth enamel.  Sn has poor absorption and retainment, 
allowing the human body to be tolerant of high concentrations.  Meats, cereals, and fresh 
vegetables have been found to be low in Sn while canned vegetables, fruit juices are 
relatively high in Sn.  Significant contamination has been noted from Sn coatings in 
cookware and cans.   
Uranium (92U): The three naturally occurring isotopes of U are found in small 
concentrations in geological materials as well as air, water, and food.  Anthropogenic 
depleted U from military, medical, and industrial uses can also become incorporated into 
air and water (Li et al. 2005).  The majority of U is retained in the skeleton, kidneys, and 
liver though absorption is inefficient.  U is better retained by infants and children than by 
adults, and is more likely to become incorporated into skeletal tissues during their initial 
growth and development (Li et al. 2005).   
Vanadium (23V): V is found in relatively low concentrations throughout the 
human body, without particular concentration in any organs or tissues.  It was found to be 
present in human dental enamel in concentrations below 0.1 ppm.  Absorption is poor but 
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the highest retention is found in bone.  Limited data on V concentrations in foods is 
available.  Tubers appear to have the most V, followed by meats, grains, and vegetables.  
Processing and refining techniques reduce V content.  Absorption is more efficient in 
diets high in unsaturated fats, and less efficient in diets high in saturated fats.   
Zinc (30Zn): Zn is found in relatively high proportions throughout most organ 
tissues of the body.  Bone has an average Zn concentration of 150-250 ppm while human 
dental enamel has an average of 203 +- 12 ppm Zn with an observed range of 42-510 
ppm.  Zn is absorbed through the mucosal cells of the small intestine and appears to be 
homeostatically regulated through the excretion of a ligand by the pancreas.  Several 
other metals, including Cu, may interfere with Zn absorption.  The richest dietary sources 
of Zn are oysters, followed by other seafoods, muscle meat, and nuts.  Whole grains have 
moderate amounts of Zn, while tubers, nonleafy vegetables, and fruits are relatively poor 
in Zn.  Processing reduces Zn content in grains.  Protein consumption amplifies the 
biological availability of Zn.  Soil type and fertilizer treatment have a significant effect 
on the Zn concentrations of foods. 
Trace element profiles in humans result from the complicated interactions of 
geochemistry and metabolic factors at each trophic level.  The composition of the 
geological substrate defines both the soil and the groundwater profiles.  Plants uptake the 
trace elements from both the soil and the water in various amounts, as governed by their 
biological processes.  Plants are then consumed by herbivorous and omnivorous animals 
which have their own metabolic processes that alter the elemental profile.  Humans have 
the most complicated elemental profile, as it is affected by direct consumption of 
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groundwater as well as by consumption of plants and animals at each tropic level below.  
Furthermore, atmospheric and water pollution are significant sources of trace elements in 
areas adjacent to industrial developments.   
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2. PREVIOUS RESEARCH 
ANTHROPOLOGICAL APPLICATIONS OF TRACE ELEMENT ANALYSIS 
Cook and Heizer (1947) initiated the anthropological foray into trace element 
analysis by stating that they had developed an interest in a field they called "physical and 
chemical archaeology" (201).  They pioneered the application of this research to human 
bones on a sample from a prehistoric site in central California when they attempted to 
quantify the degradation of organic components of bone as a method of estimating age.  
N, Ca, and P were examined.  Cook and Heizer recognized that variations in diet could 
lead to anomalous results, as could post-depositional changes from soil environment or 
times.  Because this research was performed prior to the advent of radiocarbon dating it 
was found to be especially applicable for relative dating.  Cook and Heizer emphasized 
that archaeologists should take a multidisciplinary approach to their investigations, and 
utilize techniques from geology, chemistry, and other fields with a quantitative history.   
In 1953 Cook and Heizer elaborated on the idea that bone degrades in a 
predictable and consistent fashion that can be used to establish a date.  They stated that 
once a relative scale was established it must be "tied" with at least two points into the 
flow of chronological time in order to transform it into an absolute scale.  Since 
radiocarbon dating had been established by this time, they suggested that radiocarbon 
dates should be used to establish the absolute scale with collagen degradation as the 
relative scale.  Unfortunately, they concluded that the inherent variability of collagen 
degradation due to variation in fresh bone composition and region specific diagenetic 
change severely limited its usefulness for dating.  This marked the end of elemental 
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analysis for dating and a transition to the exclusive use of radiocarbon dating methods.  
However, abandoning the attempt to use elemental analysis for dating allowed 
researchers to expand its horizons into other issues.   
Stitch (1957) was among the first researchers to quantitatively examine trace 
elements in human tissues, including bone.  He assessed the concentrations of 17 non-
major elements, whether they had previously been demonstrated to be biologically 
necessary or not.  The elements he examined were as follows: Ag, Al, Au, Be, Bi, Cd, 
Co, Cr, Cu, Mn, Mo, Ni, Pb, Rb, Sn, Ti, Zr.  Tissue specimens were collected from 
autopsies of individuals in the British Isles - Stitch even attempted to examine whether 
region of origin had an effect on trace element profile, but was unable to attain a large 
enough sample.  Though he warned that the results were semi-quantitative only and the 
concentrations represented an order of magnitude, he demonstrated that concentrations 
tended to be lower in bone than in soft tissue, that there was no difference between sexes, 
and there were no obvious patterns related to pathologies.  Distribution in soft tissues was 
determined to be biologically related - i.e., ingested elements tended to concentrate in the 
liver and kidneys, but inhaled elements tended to concentrate in the lungs.   
Prior to a 1957 publication by Sowden and Stitch, researchers had been unable to 
assess Sr and Ba in bone with many claiming that human bone did not contain Sr at all.  
The advent of neutron activation analysis allowed the authors to examine bone samples 
from British autopsies.  Sr was found to have a higher concentration in adults than in 
juveniles, while Ba did not vary by age.  The authors conclusively demonstrated that Sr 
and Ba were present in detectable amounts in all bone samples.  They did note that there 
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was a "possibility of dietary variability in different geological locations" (108) though 
they did not assess the bone of individuals from areas with Sr rich soil.   
Very little work was done in the field of trace element research in anthropology 
during the 1960s, but after this period the focus of such studies became more refined and 
nuanced.  In the 1970s researchers began to apply trace element analysis to more 
“anthropological” questions: especially concerned with paleodiet and its relationship to 
social status.  Sandford and Weaver (2000) describe the advent of trace element analysis 
in anthropology in the 1970s as an interest in paleodietary reconstruction.  Throughout 
the next two decades, bone chemistry in general and trace element analysis in particular 
were thought to be a promising tool for biocultural and paleoepidemiological 
investigations.  Beginning in the early 1980s and culminating in 1989 there was an 
intermediate period in elemental analysis.  This period was marked by a host of 
experimental applications of trace element analysis and a growing realization that 
diagenetic changes have a major effect on chemical profiles of osseous tissues.  Sandford 
and Weaver's modern period of trace element analysis, beginning in 1990, was 
characterized by experiments on diagenetic processes and elemental deposition in bone in 
order to test basic assumptions about the utility of trace element analysis in biological 
anthropology. 
Kuhnlein and Calloway (1977) examined the dentin of deciduous teeth from 
preindustrial and contemporary Hopi individuals as well as contemporary suburban 
Californians.  Their goal was to assess whether dietary differences were reflected in teeth.  
The elements examined were Pb, Sr, Zn, Cu, and Hg.  Pb, Zn, and Cu were found to have 
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higher concentrations in the contemporary samples as a result of the use of modern 
contaminations from "automobiles, paint, piped water, modern cooking equipment, and 
processed foods" (884).  A significantly higher Sr concentration was found in the 
preindustrial samples.  The authors attributed this not only to the consumption of a diet 
dominated by maize, but also to the high geological levels of Sr in the area of the 
preindustrial settlement.  As a whole, contemporary Hopi were found to have elemental 
profiles more similar to contemporary suburban Californians than to prehistoric Hopi, 
suggesting assimilation into the overall lifestyle and subsistence patterns of the modern 
southwestern United States.  The suite of five trace elements found in dentin allowed for 
a more nuanced interpretation than the analysis of Sr alone.    
Following the rising interest in dietary reconstruction through elemental analysis, 
Schoeninger (1979) published a validation study using Sr.  Her study used 91 skeletons 
from a prehistoric site in Mexico, which were expected to show effects of dietary 
discrimination by status and were exposed to a single diagenetic environment.  She 
recognized that Sr concentrations may reflect regional differences and so selected a 
confined and sedentary population.  Schoeninger (1979) was among the first researchers 
to realize the impact of normal human metabolic variation on Sr concentration, so she 
constructed an expected coefficient of variation in individuals on the same diet using a 
sample of mink.  When this was applied to the archaeological sample, she found that Sr 
concentrations were higher in the lower ranked groups, confirming the hypothesis that a 
maize dominated diet was consumed by lower status individuals, while higher status 
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individuals could afford to supplement their diet with meat.  She concluded that Sr 
analysis could be used to supplement archaeological findings about diet.   
Szpunar et al. (1978) introduced a new method of elemental analysis in bone 
samples.  Instead of digesting bone using acid and leaving behind a large quantity of 
insoluble matrix, the authors dissolved bone after grinding and ashing to remove the 
organic portions of the matrix.  They demonstrated that this yields a significantly higher 
elemental concentration when using atomic absorption spectrometry, and found different 
ratios of elements.  They believed direct elemental concentrations to be a more accurate 
representation of chemical profile than the previously used ratios.  Though this is not 
entirely true, the new focus on reproducible methods was an important step forward in 
the field.   
The first study in which a broad array of trace elements was used to assess 
paleodiet was published by Lambert et al. in 1979.  A suite of 10 elements (Sr, Zn, Mg, 
Ca, Na, Cu, Fe, Al, Mn, K) was examined in two Mississippian samples representing a 
transition to an agricultural subsistence pattern.  The authors concluded that Fe, Al, Mn, 
and K likely represent diagenetic effects and so should not be used to derive dietary 
information.  In the earlier population sex was not found to be related to diet, but in the 
later sample men were found to have had a more varied diet.  Similarly, no dietary 
differences based on status were found in the earlier site, but were demonstrated in the 
later site.  Age was not significantly associated with diet in either group, except that 
osteoporotic change was correlated with a higher uptake of contaminating elements from 
the soil.  The authors concluded that the analysis of large suite of elements is a good 
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practice in paleodietary studies because it provides quantitative data addressing several 
areas of dietary fluctuation, thus giving a more nuanced view of paleodiet.  They also 
mentioned that it is important to qualify diagenetic changes.   
By 1980, the relationships between diet, status, and pathology were becoming 
more clearly defined.  Buikstra and Cook (1980) discussed the use of chemical analysis 
in anthropology in the context of paleopathological studies, specifically in paleonutrition.  
Carbon isotope ratios were emphasized as the best method for estimating plant 
consumption.  They considered trace mineral analysis to be a promising field, but with a 
large number of confounding factors that had yet to be investigated.  As such, they 
claimed that "trace mineral analysis should thus be hypothesis testing... Ad hoc 
explanations are likely to be simplistic and misleading" (Buikstra and Cook 1980: 457).  
They also warned that trace element studies could not be used to directly infer paleodiet 
because chemical content was found to vary between identical food sources in different 
environments.   
Beck (1985) also recognized that trace elements could also yield information 
about paleopathology though her own research continued to focus on dietary 
reconstructions.  She suggested that since elemental concentrations varied greatly within 
the same foods based on their region of origin, a chart of foods and their associated 
elemental concentrations would be of limited use.  Instead of trying to compare 
concentrations directly Beck (1985) utilized a bivariate analysis of two elements 
representing different dietary components.  The use of ratios was rejected since different 
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diets could produce the same ratios, but she believed the use of simple x/y scatterplots 
would yield the most information. 
Beck (1985) used Zn, which is strongly associated with meat consumption, as 
well as Sr, which is linked to plant consumption, to test whether archaeological 
subsistence patterns could be inferred.  She hypothesized that agricultural populations 
would show a higher concentration of Sr relative to Zn while hunter/gatherer populations 
would demonstrate the reverse.  Transitional horticultural populations should be 
intermediate, trending toward the agricultural distribution over time.  These hypotheses 
were tested on several sites from different periods in Georgia and Illinois.   
She found that the hypotheses held true in general but that each site showed 
internal variation which she believed to be the result of dietary differences among social 
strata or possibly of foods such as nuts and molluscs in which Zn and Sr levels converge.  
Beck (1985) concluded that bivariate analysis allowed for comparison between sites 
without requiring complicated calibrations for regional variation, and is less sensitive to 
the use of different instrumental methods. 
Brown and Blakely (1985) hypothesized that trace elements could reveal a more 
varied and healthier diet which could in turn be linked with social status.  They tested this 
hypothesis on a Mississippian population in northwestern Georgia.  They examined 13 
elements: Al, Ba, Ca, Cr, Cu, Fe, Mn, Mg, Ni, Se, Sr, V, and Zn.  In this article calcium, 
magnesium, strontium, and zinc were examined in detail.  The authors found no 
significant variation in elemental concentrations between low and high status individuals.  
They interpreted this to mean that both high and low status individuals consumed the 
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same diet, which in turn implied that status was both achieved and ascribed though it may 
simply have meant that the elements they selected were not sensitive to any status based 
variation in diet that may have existed.  Another possible explanation is that status and 
diet were independent in this population.   
Another example of the use of trace element research to corroborate data about 
paleodiet derived from other sources was the research published by Hatch and Geidel 
(1985).  They examined status-specific dietary variation in a Mississippian culture (which 
had previously been assessed through the frequency and distribution of porotic 
hyperostosis) and a Mayan culture (indicated by a stature gradient).  The authors 
indicated four dietary patterns based on levels of five elements.  "(1) Vegetarian without 
nuts - high levels of manganese, strontium, and vanadium and low levels of copper and 
zinc.  (2) Vegetarian with nuts - high levels of all five of the elements listed above.  (3) 
Meat-rich without nuts - low levels of manganese, strontium, and vanadium and high 
levels of copper and zinc.  (4) Meat-rich with nuts - high levels of manganese, strontium, 
copper, and zinc, but lower levels of vanadium" (Hatch and Geidel 1985:472).  In the 
Mississippian sample, lower status individuals were found to be consistent with the 
vegetarian with nuts pattern, while higher status individuals fit the meat-rich with nuts 
patterns.  This agreed with the conclusions drawn from the analysis of porotic 
hyperostosis, which indicated that the diet of lower status individuals was dominated by 
maize while higher status individuals were able to supplement with meat.  Though the 
analysis of the Mayan sample was more complex, the authors suggested that the trace 
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element data, along with the stature gradient, indicated a transition to an agricultural 
subsistence pattern over time.   
Bumsted (1985) published a general review of chemical analysis in the context of 
paleodietary reconstruction.  She proposed a chemical tracer model of the human food 
system in which the factors contributing to the chemical composition of the human body 
are divided into several categories: the environmentally determined set of food available, 
the culturally determined subset of that food which is consumed, the metabolic and 
physiological processes of the body which selectively incorporate different elements, and 
the diagenetic processes of postmortem changes to the body.  More generally these 
categories were defined as menu, meal, dietary composition/nutrition, and midden.  She 
suggested that each of these phases is archaeologically visible to some degree.  Chemical 
analyses of bone can yield information about the meal phase (what food was culturally 
selected to be consumed), but they must be interpreted in the context of all other phases 
using a holistic approach.  She saw the biological database and the archaeological 
database as complementary, but with different research parameters.   
Bumsted warned that while chemical analyses can indicate how food was 
distributed in a population they cannot directly indicate exactly what food was consumed 
or in what quantities because preparation and metabolism affect elemental profiles.  
Furthermore, there are no chemical profiles that are uniquely associated with particular 
foods.  She also noted that bone dynamics may effect elemental distribution and that 
sampling procedures must recognize this.  She concluded that the "high tech 
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anthropology" of chemical analysis is a valuable field to explore but its constraints must 
be recognized and it must be incorporated into anthropology as a whole. 
In 1985, Price et al. reviewed contemporary research and concluded that Sr is the 
best element to use for anthropological questions because it has the fewest diagenetic 
problems associated, though there is some evidence of individual metabolic variation and 
environmental variation between the same food types.  They also reported that C and N 
isotope analysis showed great promise for paleodiet and paleoenvironmental 
reconstructions.  Finally, they suggested that chemical analysis can be used in tandem 
with analyses of paleopathology to better understand the relationship between diet, 
nutritional deficiencies, and disease in past populations.   
There was also an increased recognition during the 1980s of the complexity of 
diagenetic effects on bone chemistry.  Lambert et al. published several articles in this 
area, and their 1984 publication summarized previous research into diagenetic effects on 
trace elements in bone.  Fe, Al, K, and Mn were found to move into bone from soil, 
leading to higher levels after burial than would have been present in life.  Ca and Na were 
found to leach into soil, causing a decrease in levels after burial.  Sr, Zn, and Pb were 
determined to be unaffected by diagenetic changes, and are good indicators of diet.  
Copper was found to be affected by diagenetic factors, limiting its usefulness for 
archaeological analysis since it would otherwise be a strong indicator of meat 
consumption.  Barium was also determined to be a contaminative element, and was not a 
strong tool for discriminating populations by diet.  
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Lambert et al. (1985) also published a study in which they reiterated the fact that 
more porous bone is more susceptible to diagenetic change, but they did not address the 
effects of diagenesis on other osseous tissues.  They then stated that strontium and zinc 
are the most resistant elements, while calcium and lead are susceptible to leaching, and 
magnesium and lead have shown variable results and may be useful depending on the 
situation.  Fe, Mn, Al, K, Cu, Ba, V, and U have all demonstrated a strong tendency to be 
adsorbed from the soil matrix and are unreliable indicators of chemical composition 
during life.  The authors concluded that chemical analysis requires soil samples, not only 
from burial soil but from pristine soil, to be used as controls and suggested that interior 
cortical bone may be the best matrix to analyze.    
Bynre and Parris (1987) examined the concentrations of 8 trace elements in bone 
in a middle Woodland population in order to infer diet.  The elements selected were Sr, 
Cu, Pb, Mg, Mn, Mo, Na, and Zn.  They also examined bones from a prehistoric coastal 
population to test for the effects of fish consumption as well as prehistoric and modern 
animal specimens and modern human specimens from the same area.  Though many of 
the sample sizes were quite small, the authors demonstrated that all archaeological 
samples had a higher Sr concentration.  This could be attributed to both diagenetic effects 
and variation in diet.  Additional variation was detected between the coastal and inland 
prehistoric populations.  The results of the Cu analysis were ambiguous - the authors 
suggested that dietary variations were too complicated to be revealed by a single element 
but that diagenetic effects appeared minimal.  However, Mn and Mg were both clearly 
enriched through diagenesis.  Na was found to be influenced by diagenetic leaching but 
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still indicated meat consumption.  Zn, though resistant to diagenesis, did not yield useful 
results for dietary discrimination.  The authors hypothesized that this is because Zn levels 
are metabolically regulated.  No samples had detectable Mo, and Pb levels were 
consistently low in the few samples which exhibited it.  The authors concluded that Sr 
and Na were the most useful trace elements for dietary reconstruction, and stated that soil 
sample testing should be a necessary part of trace element analysis.   
In his 1992 review, Sandford divided trace element analysis into Sr and Sr/Ca 
ratio studies, multielement studies, and single element studies.  Sr and Sr/Ca ratio studies 
were most commonly used for testing the relationship between status and diet.  
Multielement studies tended to be used for paleodietary reconstruction, and included a 
growing sensitivity to diagenetic changes to bone.  Single element studies were typically 
used for examining an element of particular interest within a given population, usually 
with pathological implications.  Sandford proposed that chemical research in 
anthropology should proceed in the following areas: establishing normal profiles for 
osseous and soft tissues, defining the relationships between diet, physiology, elemental 
profiles, and pathology, differentiating between biogenic and diagenetic sources of trace 
elements, and initiating experiment oriented research.   
One example of experiment oriented research into the relationship between diet 
and elemental profiles is Burton and Wright’s 1995 examination of the widely held 
assumption that Sr/Ca ratios are indicative of trophic level.  They established that while 
the vertebrate digestive system does discriminate against Sr absorption, such that each 
trophic level has less Sr than the one before, trophic level is not the only factor which 
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contributes to the Sr concentration in bone.  The biologically available Sr/Ca ratio also 
effects uptake, since organisms preferentially absorb Ca.  The authors interpreted this to 
mean that Ca rich foods have a disproportionately large effect on bone Sr/Ca ratios.  In 
multi-component diets, the Sr/Ca profile will be dominated by the most Ca rich foods and 
may mask major dietary contributions from less Ca rich foods.  This suggests that earlier 
researchers may have drawn erroneous conclusions based on the trophic level theory, and 
may also explain some of the discrepancies between bone Sr/Ca levels and archaeological 
knowledge about dietary contributors.   
Price et al. (2003) reexamined Sr/Ca and Ba/Ca ratios in the context of estimating 
region of origin. They hypothesized that the factors which limit the usefulness of these 
analyses for dietary reconstruction would be beneficial to region of origin studies.  They 
noted that even large changes to the combination of dietary components yield minor 
changes in elemental ratios, because these ratios are dominated by a few Ca rich food 
components.  Further, intrinsic geographic variability in Sr/Ca and Ba/Ca availability is 
large based on the geological substrate of the area.  Because the Ca rich foods which 
dominate elemental profiles in bone tend to be plants, and because plants clearly reflect 
the elemental availability of their geological area, elemental profiles in bone are more 
sensitive to variation in region of origin than they are to variation in diet.  This suggests 
that trace element analysis is more applicable to provenance studies than it is to dietary 
reconstruction.   
These authors tested this hypothesis on samples of bone from modern white tailed 
deer (Odocoileus virginianus), human tooth enamel from ancient Maya sites, and human 
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tooth enamel from prehistoric Mexico.  The deer samples were found to group based on 
the geological substrate underlying their grazing range, while the Mayan samples were 
differentiable by site, likely due to the different types of soil in the agricultural areas.   
The samples from Mexico were not significantly different, suggesting that the cultural 
areas were not associated with geological variation.  Price et al. concluded that Sr/Ca and 
Ba/Ca ratio analysis can be adapted for assessing region of origin, but they were hesitant 
to extend this conclusion to other trace elements which may show more variation 
unrelated to diet and geography.  They also warned that while trace element analysis can 
be used to exclude suspected regions of origin or support theories drawn from other 
sources, it is not a confirmatory method.   
Darrah's 2009 doctoral thesis examined elemental uptake in bones from a variety 
of perspectives, using a sample of surgically removed femoral heads from modern New 
York.  After addressing the methodological concerns associated with utilizing ICP-MS 
for the analysis of bone, he described the mathematical transformations necessary to view 
the data in a meaningful fashion.  These transformations include the creation of an 
elemental ratio based on the stoichiometric amount of Ca contained within 
hydroxyapatite, which allows for comparison of elemental concentrations within an 
individual, as well as the use of an elemental ratio based on Zn.  Because Zn is a 
metabolically controlled element, it can be used to correct for individual metabolic rates.  
Darrah found that the rare earth elements, Ba, Al, Mn, U, Th, V, and Pb are the most 
useful for geographic provenancing.   
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TRACE ELEMENT ANALYSES OF TEETH 
Most examples of trace element analysis of tooth enamel have been associated 
with medical or environmental studies.  Because exfoliated primary teeth are easy to 
collect, many researchers have used them to examine biological incorporation of 
pollutants (Brown et al. 2002).  There has also been a growing interest in the 
relationships between elemental profiles of teeth and dental pathologies.   
Several factors including age, gender, and region of origin were examined by 
Lane and Peach (1995) as causes of differences in the trace element profiles of adult 
human tooth enamel.  They assumed that the trace elements incorporated into the human 
body are representative of the environment, influenced by the consumption of water and 
the inhalation of dust, spores, and fumes.  It was hypothesized that there are three sources 
of trace elements in tooth enamel: intrinsic elements incorporated during formation, and 
elements gained from exchange with either the blood supply of the pulp cavity or with 
saliva.  They suggested that the latter two sources would be very slow and have a 
minimal contribution.   
They examined 86 extracted teeth from two locations in the UK.  The elements of 
interest were Ca, K, Mn, Fe, Co, Ni, Cu, Zn, Sr, Pb, and Hg.  Lane and Peach found that 
Cu and Fe tend to be slightly lower in females, which they associated with blood loss 
during menstruation.  Ca, Co, and Ni were also slightly lower in older females which was 
hypothesized to be indicative of menopausal changes.  There were no other significant 
trends associated with gender or age.  No geographic trends were noted, though the small 
sample sizes may have contributed to this (Lane and Peach 1995).     
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Brown et al. (2002) explored the utility of ICP-MS analysis of whole crowns of 
human primary dentition.  They were particularly interested in assessing the relationship 
between diet deficiencies, a high concentration of cerium, and endomyocardial fibrosis (a 
fatal cardiac disease) endemic to Uganda and Nigeria.  They analyzed teeth from UK and 
Ugandan children.  Since the tooth samples were ground and dissolved, the researchers 
were able to add In and Bi to serve as internal standards.  They also developed an "in 
house" standard based on ground UK adult tooth samples doped with a range of rare earth 
elements to monitor instrumental fluctuations.  The elements examined were Mg, Ca, Sr, 
Ba, La, Ce, Pr, Cu, Zn, Cd, Al, Pb, and U.  The authors concluded that while age and 
gender did not have an effect on concentrations, tooth type and country of origin did.  
However, they did confirm that variation between individuals was greater than variation 
within individuals.  They suggested that analyses should be restricted to one tooth type, 
which would eliminate the need to control for age or gender.    
 Castro et al. (2010) hypothesized that trace element profiles could be used to 
discriminate between individuals with isolated teeth or fragmentary remains when the 
possibility of gaining DNA has been eliminated and antemortem dental records are 
unavailable.  They tested this hypothesis on both bone and tooth samples.  They 
emphasized that laser ablation allows for minimal sample preparation and destruction of 
fragmentary human remains.  Bone meal standards were used along with glass standards 
to create calibration curves, and Ca was estimated as an internal standard.  Bones from 12 
individuals were assessed.  Of the tooth samples, 7 were analyzed in pressed powder 
form and 14 were analyzed in sectioned form.  For the bone samples, laser sampling was 
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done at several sites throughout the depth of the bone to assess diagenetic effects; the 
middle layers were found to have biogenic signals with limited diagenetic alteration.  The 
elements used to discriminate among the bone samples were Mg, Al, Mn, Fe, Cu, Zn, Rb, 
Sr, Ba, and Pb; when the bones were separated by type a 75% classification accuracy 
could be achieved.  The elements which were found to discriminate between tooth 
samples were Mg, Mn, Fe, Cu, Zn, Rb, Sr, Ba, and Pb.  Dentin had a different profile 
than enamel.  Most individuals could be discriminated from each other based on the 
elemental profiles of teeth, and teeth from the same individual tended to be more similar.  
The authors suggested that future research should focus on a single layer of the tooth to 
limit variation in profiles.   
 Cucina et al. (2007) examined whether sectioned vs. broken teeth would yield 
different results through LA-ICP-MS analysis.  They suggested that the ability to 
examine previously broken surfaces would expand the application of LA-ICP-MS 
analysis to samples which could not be destructively analyzed, e.g. museum specimens.  
Broken and sectioned teeth were compared consecutively, using glass standards to 
calibrate for instrumental drift and with Ca as an internal standard.  The authors 
concluded that while sampling an uneven surface may cause macroscopically 
asymmetrical laser ablation marks, there is no systematic effect on the resulting 
concentrations.  
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FORENSIC APPLICATIONS OF BIOGEOCHEMICAL ANALYSIS 
Beard and Johnson (2000) presented one of the first examples of a forensic 
application of biogeochemical analysis.   They focused on the use of the Sr isotope 
analysis.  Bones and teeth from three individuals buried in a shallow grave in Vietnam for 
approximately 20 years were compared with each other and with geological data from 
three regions of suspected origin.  Bone composition was found to be highly variable and 
subject to diagenetic effects, but teeth could be grouped by individual and associated with 
a region.  Sr concentrations were found to decrease in teeth with an older age of 
formation based on the principle of biopurification but could still be used to estimate 
mobility during tooth formation. 
Chemical analysis has also been applied to the problem of analyzing cremains.  In 
2002, Warren et al. published an article detailing the use of proton-induced X-ray 
emission (PIXE) testing for the identification of cremated human remains.  The authors 
were able to distinguish skeletal material from other materials on the basis of P content.  
They also suggested that high levels of trace elements indicative of medical history (such 
as Ba testing or Ti implants) may be preserved after cremation, as may elements 
associated with geographic residence.   
In the case report presented by Beyser et al. (2007), a partially skeletonized male 
was discovered in central Germany in 2002.  Fingerprints could not be taken and dental 
records were only useful in suggesting an eastern European origin, based on style.  A 
label in his clothing suggested Romanian origin.  Samples of hair, occipital bone, and 
three teeth were submitted for isotopic analysis.  Isotope ratios of H, C, N, Sr, and Pb 
42 
 
were analyzed for each sample.  Carbon and nitrogen indicated a diet rich in animals and 
maize consumption and distance from the coastal region.  Lead in hair was consistent 
with the man having lived in Germany during the last 8 months of his life.  Lead isotope 
ratios in his skull and teeth were similar to each other but different from that of his hair 
suggesting he had lived in a single location - not consistent with central Germany - from 
the age of 3 months (the earliest age of development for the tooth enamel examined) to 
within the last year of his life.  These isotope ratios were found to be consistent with a 
mining region of Romania; investigations were able to identify the decedent as a missing 
man from this region using DNA. 
As an attempt to begin to remediate the problem of the hundreds of unidentified 
Mexican decedents found near the US-Mexico border each year, Juarez (2008) 
established a strategy for estimating the region of origin for these individuals in order to 
focus investigations.  Using the strontium isotope profile of tooth enamel as a proxy for 
region of origin, Juarez assessed modern human teeth with known regions of origin as a 
baseline to control for the effects of imported foods.   
Geochemical signatures may transcend political boundaries, but using socio-
cultural groups as a framework allows for investigation of cultural availability of and 
preferences for local and packaged foods.  Politically defined groups serve as units for 
mapping population variation into a geographic model; in some cases political boundaries 
may even reflect geological boundaries.  Juarez (2008) noted that similar strontium 
isotope ratios may be associated with multiple geographic sources, so a close match may 
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not mean a correct identification.  Additionally, she states that studies of population 
variation require large random samples to best describe variation.   
Recent studies by several agencies in Germany (the Institute of Forensic Medicine 
in Munich, the Department of Geo- and Environmental Science, the Bavarian State 
Collection in Munich and Isolab GmbH, Schweitenkirchen, Germany) have analyzed 
tissues from recent human bodies using multielement isotope ratios to estimate not only 
birthplace but also a geographic life history (Mutzel et al. 2009).  Origin assignment is 
based on comparison to a reference sample of known provenance; a reference database of 
human tissues and environmental samples is being collected at the Institute of Forensic 
Medicine in Munich.   
Isotope ratios of H, C, N, and S were assessed in scalp hair samples from 111 
individuals living in 13 countries around the world.  In general, samples with European 
provenance were found to cluster together while those from more geographically distant 
areas (such as Brazil, Costa Rica, and Australia) were more distinct.  However, minute 
variations across the suite of elements allowed for a 91% assignment accuracy using 
discriminant functions.   
The database is dominated by German samples so the German reference 
incorporates the fullest and most accurate expression of geographic and dietary variation 
from a single politically defined geographic region.  More samples from other locations 
are required to best represent the range of normal variation within each locale (Mutzel et 
al. 2009).   
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Degryse et al. (2012) analyzed the strontium ratios of bones and teeth from 4 
modern forensic cases in Belgium, the Netherlands, and Luxembourg.  The cases showed 
no diagenetic effects and each case was later matched to a missing person via further 
police investigation and DNA analysis.  Estimations for region of origin were generated 
purely from the geological age of the substrates in these regions.  It was assumed that 
each individual's strontium profile was dominated by the characteristics of their local 
geology rather than by imported foods or rainwater.  In each case, the suggested 
geographic profile of the individual was found to correspond with the individual's known 
birthplace or last residence (depending on the tissue type analyzed).  The authors 
concluded that strontium isotopes can provide a valuable additional resource for 
investigating missing person cases which may contribute to an eventual identification. 
Degryse et al. (2012) also concluded that strontium isotope ratios in the 
geological substrate are maintained in human osseous tissues, in spite of the issue of 
foreign foods.  They reason that this is because 2/3 of strontium intake is derived from 
drinking water, thus having a greater influence on the strontium profile.  Based on UK 
research the authors hypothesize that this is because drinking water is dominated by local 
water resources, including groundwater and precipitation, rather than by bottled water.  
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3. MATERIALS AND METHODS 
MATERIALS 
 This investigation analyzed 75 teeth from 61 individuals with known 
demographic information from the Antioquia Modern Skeletal Research Collection in 
Medellin, Colombia.  The collection has been developed in order to allow for research in 
the area of skeletal biology of the Colombian population.  Specifically, it is hoped that 
population specific standards for estimation of the biological profile will be generated 
from this collection which can be applied to the multitude of forensic cases which are 
analyzed each year in Colombia.  The collection has developed out of an agreement 
between a criminalistics school and the San Pedro Cemetery in Medellin (Row, 2012).   
In Colombia, individuals are buried for a period of 5 years.  After this period ends 
their family members may choose to continue payment to the cemetery, in which case 
they remain buried, or they may be exhumed and moved to a communal ossuary.  When 
remains are exhumed from the San Pedro Cemetery there is an option for them to be 
accessioned into the Antioquia Modern Skeletal Research Collection.  The collection 
includes not only skeletal remains but also an array of antemortem information to allow 
for a variety of future research projects to occur (Row, 2012).  The demographic 
information for each individual is included in Table 8-1 in Appendix B.   
 The samples used in this investigation have known birthplaces in the Antioquia, 
Atlantico, Boyaca, Caldas, Choco, Cundinamarca, Quindio, and Risaralda Departments 
of Colombia.   85% of the individuals were born in Antioquia; the majority of these were 
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born in Medellin, the largest city in Antioquia.  Figure 3-1 presents descriptive statistics 
of the birthplace data, while Figure 3-2 shows the geographic distribution of birthplaces.   
 54 of the individuals were male and 7 were female.  The mean age at death was 
35 years with a standard deviation of 17 years.  Descriptive statistics of sex and age are 
shown in Figure 3-3.   
 The teeth selected for this study were based on availability and ease of extraction.  
All tooth types are represented and majority are from the maxillary arcade (see Figure 3-4 
and Table 3-1).  Many teeth had dental pathologies, typically caries or staining.  Several 
teeth had amalgam fillings.  Both pathologies and fillings were avoided during sampling.   
 
 
Figure 3-1: Number of individuals born in each department. 
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Figure 3-2: Birthplaces of individuals in sample.  Yellow outline represents country of 
Colombia. 
 
 
Figure 3-3: Frequencies of age at death by sex. 
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Figure 3-4: Tooth representation in sample. 
 
Table 3-1: Tooth morphology distributions. 
Class Category Frequency Percent 
Arcade Maxillary 60 80% 
 Mandibular 15 20% 
    
Tooth Type Incisor 1, 2 2 3% 
 Canine 9 12% 
 Premolar 1 15 20% 
 Premolar 2 5 7% 
 Molar 1 15 20% 
 Molar 2 19 25% 
 Molar 3 10 13% 
    
Side Left 39 52% 
 Right 36 48% 
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Figure 3-5: SEM image of drilled vs. undrilled enamel. 
39x magnification SEM image of buccal surface of tooth 761011 after laser ablation 
(maxillary LM1).  Occlusal surface is toward bottom left corner of frame; image 
comprises approximately the occlusal ¼ of the tooth.  Drilled enamel represents 
approximately the upper ½ of the image while undrilled enamel is present in the lower ½.  
Linear grooves are LA-ICP-MS sampling sites.   
 
 
These tooth samples had previously been used in a research project assessing the 
viability of Sr isotope analysis for estimating region of origin (Row 2012).  This offers a 
unique opportunity to compare the results and conclusions of a Sr isotope analysis study 
with a trace element analysis study of the same sample.  These two techniques will be 
compared in the discussion section of this paper.  The gross effect of the previous 
50 
 
research was surface enamel exfoliation on buccal, lingual, mesial, and distal surfaces of 
all teeth.  Figure 3-5 is an SEM image at 39x magnification which shows the surface 
morphology of drilled vs. undrilled areas.   
 
METHODS 
 LA-ICP-MS analysis was performed at the Center for Archaeology, Materials and 
Applied Spectroscopy at Idaho State University.  The procedure was adapted from 
Cucina et al. (2007).  Typically, LA-ICP-MS sample preparation involves longitudinal 
sectioning of each tooth to reveal the inner enamel surface.  The sectioned tooth is then 
mounted in an epoxy disc and the surface is polished.  This allows for more refined 
analysis of elemental variation throughout the enamel, as well as assessment of the 
neonatal line (Cucina et al. 2007).  However, one goal of this research was to test 
whether viable data could be generated with minimal sample preparation, while 
preserving morphology and mineral mass for further analyses.  Thus, whole examples 
were examined.  The labial or buccal surface was assessed when possible, though the 
surface was unknown in some fragments.   
 A mechanical pencil was used to mark a line parallel to the axis of the tooth; this 
line allowed the desired sampling site to be easily located during instrumental analysis.  
Samples were then temporarily mounted in a malleable clay into a reusable disc, which 
was then placed into the sampling chamber of the New Wave UP213 Nd:YAG Laser 
Ablation System with the surface to be analyzed facing up.  The clay was shaped to 
support each tooth such that the surface to be analyzed was as flat as possible, shown in 
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Figure 3-6.  5 sampling sites were spaced along the longitudinal axis of each tooth: each 
sampling line was 600μm long perpendicular to this axis, and they were placed 0.5mm 
apart.  A pre-ablation pass was done with a 200μm spot size to remove any surface 
contamination and to condition the surface for sampling.  The sampling ablation had a 
100μm spot size centered within the preablation groove.  The depth of each pass was 
5μm.  The laser was operated at 20 Hz with a fluence of 7.35 Jcm-2.  Figures 3-7 and 3-8 
show the surface of a premolar after laser ablation. 
The laser ablation system was connected with a Thermo Fisher Scientific X-
Series 2 Quadrupole ICP-MS instrument for the mass analysis.  See Figure 3-9 for a 
schematic of the instrumental setup.  Ar gas with a flow rate of approximately 0.79  
Lmin-1 was used for the nebulizer, and He gas with a flow rate of approximately 0.252 
Lmin-1 was used for sample uptake.  These flow rates were optimized each time the 
instrument was started.  
 
 
 
Figure 3-6: Sample preparation for LA-ICP-MS analysis. 
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Figure 3-7: Image of tooth after LA-ICP-MS analysis. 
Digital microscope image of tooth 815027 (maxillary LPM1) after LA-ICP-MS analysis.  
Black line parallel to axis is residual graphite, areas absent of graphite show laser 
ablation sites.  2mm grid. 
 
 
 
 
Figure 3-8: Magnified image of tooth after LA-ICP-MS analysis. 
Digital microscope image of tooth 815027 (maxillary LPM1) after LA-ICP-MS analysis.  
Note uneven surface of enamel due to previous drilling; vertical line is residual graphite 
and horizontal lines are laser ablation sites.  Scale is approximately 600μm.   
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Figure 3-9: Schematic of LA-ICP-MS instrument. 
Image from Gunther and Hattendorf (2005). 
 
Because LA-ICP-MS is a semi-quantitative technique, several different calibrants 
and controls are required to achieve the most accurate quantitation.  Several factors can 
affect the analysis: the sample matrix itself may be more or less conducive to laser 
ablation, heterogeneity of the matrix may influence results, fluctuations in the laser can 
change the amount of the sample being analyzed, different types of sample can clog the 
sampling cone of the mass spectrometer and lead to signal suppression, and the plasma 
torch itself can fluctuate (Gunther and Hattendorf 2005).  Using a standard sample to 
calibrate the instrument allows a typical signal strength in counts per second to be 
established, and this can be repeated throughout the course of the analysis to control for 
signal suppression and other instrumental fluctuations.  6 USGS standard glass samples 
were used during this analysis: BIR-1G, BCR-2G, BHVO-2G, GSE-1G, GSD-1G, and 
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GSC-1G.  Each standard contains a known concentration of each element being 
examined and can be used to create a calibration curve.  The standards were analyzed at 
the beginning and end of each disc.  Liquid internal standards were also run concurrently 
through the liquid uptake portion of the ICP-MS instrument in order to monitor 
instrument operating conditions and measurement sensitivity throughout sampling.  Ru 
was used as it was not detected in the initial survey of tooth 904015 (maxillary RM1), 
which was randomly selected.    
Because there is no standard sample with the same matrix as human tooth enamel, 
there is no way to quantify the matrix effects and create a perfect calibration curve for 
full quantitation of elemental concentrations.  Instead, the concentrations are first 
calibrated to the glass samples and then to an element in the teeth with a known 
concentration which can serve as an internal standard.  Ca was selected because it is 
biologically regulated (Hillson 1996).  Surface enamel of premolars has been reported to 
have a Ca content of 36.92 ± 0.86 wt%, while inner enamel has a Ca content of 35.88 ± 
0.62 wt% and the total Ca content was reported as 36.42  ± 0.84 wt% (Kodaka et al. 
1992).  Since Ca content has been shown to decrease gradually from the surface to the 
dentine-enamel junction (Davidson et al. 1973) as well as along the growth axis (Hillson 
1996), each point in the 3-dimensional enamel matrix may have a different Ca content.  
Because of the previously drilled and, in some cases, fragmented state of the samples 
used for this research the exact sampling location with reference to the rest of the tooth 
was unknown.  A stoichiometric estimate of the Ca content derived from the formula of 
pure hydroxyapatite was selected as the most broadly applicable model to calibrate the 
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data.  The figure used was 36.5 wt%.  Future research will utilize scanning electron 
microscopy-energy dispersive spectroscopy to achieve full quantitation of Ca at each 
sampling site for more precise calibration.   
For each of the 5 sampling sites on each tooth, the following method of 
calibration was used:  A corrected value for intensity counts per second (icps) was 
calculated within the PlasmaLab software suite associated with the instrumentation 
(Thermo Scientific 2007).  This value subtracts the blank icps from the detected icps at 
each sampling site.  This accounts for environmental readings and consistent 
contamination within the instrument.  Next, the ratio of each element to the experimental 
Ca value is calculated.  At this point, the LINEST function of Excel is used to fit a linear 
regression, using the least squares method, to the ratios of the readings for the NIST glass 
standards.  Doing so generates a calibration curve which allows for the conversion of icps 
to concentration over each concentration range.  A calibration curve over the whole 
concentration range is necessary to account for phenomena such as signal suppression in 
the instrument, in which high concentrations of a given element may block the sensors 
and confound the relationship between icps and concentration.   
The ratio of each element to the unknown Ca reading is then multiplied by the 
LINEST value and the known concentration of Ca – for the standard glass samples, this is 
a known value provided by the National Institute of Standards and Technology while for 
the tooth samples, the previously mentioned stoichiometric estimate is used.  Each value 
has now been standardized to Ca, which helps to negate any matrix effects, as well as to 
the calibration curve to quantify the relationship between cps and concentration.  Finally, 
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the instrumental limit of detection (LOD) is calculated as three times the standard 
deviation of the uncorrected values for the blanks over the course of the experiment, plus 
the average blank value.  Any experimental value which falls below the LOD is 
considered to be an instrumental artifact, and cannot be considered to be reliable data.   
Once the data had been calibrated and the values below the LOD had been 
eliminated, a basic test for outlying values was done.  The values from each sampling 
location were combined, and limits of two times the standard deviation above and below 
the mean were set.  Any values which were more extreme were discarded, and the 
remaining values were averaged together.  This was done to minimize the possible effects 
of sampling in contaminated locations.  For the purposes of this analysis, in cases where a 
single individual was represented by more than one tooth the tooth values were combined 
to create an average value for the individual.  Elements for which no individual had a 
nonzero value were disregarded. 
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4. RESULTS 
A total of 33 elements were analyzed and found to have at least one nonzero value 
after calibration.  The overall mean, standard deviation, median, range, and variance 
for each element analyzed is shown below in Table 4-1.  
 
Table 4-1: Overall sample summary statistics. 
Element Mean 
(ppm) 
Standard 
Deviation 
(ppm) 
Median 
(ppm) 
Minimum 
(ppm) 
Maximum 
(ppm) 
7Li 0.83 1.02 0.54 0.00 5.64 
11B 6.53 3.68 5.98 2.04 17.92 
27Al 1.13 3.43 0.00 0.00 24.83 
51V 0.07 0.07 0.05 0.00 0.45 
53Cr 0.19 0.28 0.08 0.00 1.18 
55Mn 5.85 8.16 2.65 0.00 40.78 
59Co 0.30 0.11 0.28 0.14 0.72 
60Ni 5.84 2.17 5.86 2.28 10.81 
65Cu 7.37 34.40 0.65 0.20 200.01 
75As 0.05 0.03 0.04 0.01 0.16 
85Rb 0.74 0.42 0.63 0.15 2.16 
88Sr 160.59 112.89 128.81 34.03 678.28 
89Y 0.01 0.01 0.00 0.00 0.03 
95Mo 0.07 0.05 0.06 0.00 0.26 
107Ag 0.41 1.87 0.00 0.00 13.26 
111Cd 0.05 0.04 0.04 0.01 0.18 
118Sn 4.51 29.26 0.27 0.00 230.81 
121Sb 0.05 0.15 0.00 0.00 1.01 
133Cs 0.00 0.01 0.00 0.00 0.03 
137Ba 12.64 45.93 4.28 1.27 363.13 
139La 0.01 0.01 0.00 0.00 0.05 
140Ce 0.01 0.02 0.01 0.00 0.08 
141Pr 0.00 0.00 0.00 0.00 0.02 
146Nd 0.00 0.01 0.00 0.00 0.02 
147Sm 0.00 0.00 0.00 0.00 0.02 
153Eu 0.00 0.01 0.00 0.00 0.09 
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Element Mean 
(ppm) 
Standard 
Deviation 
(ppm) 
Median 
(ppm) 
Minimum 
(ppm) 
Maximum 
(ppm) 
157Gd 0.00 0.00 0.00 0.00 0.01 
165Ho 0.00 0.00 0.00 0.00 0.01 
169Tm 0.00 0.00 0.00 0.00 0.01 
172Yb 0.00 0.00 0.00 0.00 0.01 
175Lu 0.00 0.00 0.00 0.00 0.02 
208Pb 6.62 9.96 2.82 0.17 52.61 
238U 0.00 0.00 0.00 0.00 0.02 
 
For the purposes of analysis, the individuals were organized in three different 
ways.  The most basic classification was Medellin vs. Not Medellin.  This classification 
was used because trace element profiles for individuals from Medellin should have the 
same geological contributions and should be more similar to each other than to 
individuals from anywhere else in Colombia.  Further, it is expected that cultural 
contributions should be more homogeneous in individuals born in the same city: the same 
foods should be available to them, whether local or imported, and diets and preparation 
techniques (including the types of cookware used) are likely similar within the city.    
 The data were also classified on the basis of the geographic region of the province 
of Antioquia.  Antioquia is divided into 9 regions, which contain a total of 125 
municipalities (Antioquia.gov.co).  In this analysis, these geopolitical regions were 
grouped into either East, West, or Metropolitan categories to ensure that each group 
comprised enough data points to have sufficient statistical power.  Figure 4-1 shows the 
distribution of these categories.   
Finally, each data point was matched to the underlying geological substrate, 
shown in Figure 4-2.  Again, these categories were reorganized into more overarching 
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groups to ensure statistical power.  The categories used correspond to geological epochs: 
Undifferentiated Pre-Cambrian Igneous (4500mya-540mya), Paleozoic (540mya-24mya), 
Mesozoic (248mya-65.0mya), and Cenozoic (65.0mya-present) (imnh.isu.edu 2013).  
The Pre-Cambrian Igneous and Paleozoic areas are primarily associated with the Central 
Cordillera, i.e the section of the Andes mountains which passes through central 
Antioquia.  The Mesozoic sediments comprise the Western Cordillera, which is a 
younger spur of the Andes in the western portion of Antioquia.  The Cenozoic sediments 
generally comprise the flatlands of Antioquia – notably the coastal regions and the areas 
on the western periphery (Arredondo and Escobar 2007).  The distribution of geological 
categories is shown in Figure 4-3.   
 The categorization assigned to each individual for each category is shown in 
Table 8-2 in Appendix B.  Each organizational strategy will be discussed separately in 
the following sections.  All statistical analyses were done using either SAS 9.4 or Excel 
2013. 
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Figure 4-1: Geographic distribution of region categories in Antioquia. 
    East  
    Metropolitan 
    West 
61 
 
                   
 
Figure 4-2: Alden (2013) Generalized geological map of Colombia. 
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Figure 4-3: Geographic distribution of geological categories in Colombia. 
 
MUNICIPALITY 
 The Medellin category contains 31 individuals, while the Not Medellin category 
contains 30 individuals.  The mean, standard deviation, median, and range are presented 
by category for each element in Table 4-2.  The difference between the mean and the 
median in most cases suggests that the elements may not show a normal distribution, 
making such standard procedures as the student’s t-test inappropriate.  To test this 
hypothesis, a Shapiro-Wilk test for normality (α=0.05) was run on each element for each 
    Precambrian Igneous 
    Paleozoic 
    Mesozoic 
    Cenozoic 
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category, also included in Figure 4-2.  Only 8% of the data were found to be normally 
distributed, so nonparametric statistics were used for the remainder of the analysis. 
 Wilcoxon Scores (Rank Sums) were calculated for each element by municipality 
category.  A Kruskal-Wallis test was then run to assess whether there was a significant 
difference between the medians of each group for each element.  At the 5% α level, Sr, 
Mo, and Ag were all found to be significantly different between the Medellin and Not 
Medellin categories.  At the 10% α level, Ba was also found to be significantly different.  
See Table 4-3 for the full results of this test. 
 Finally, a logistic regression was constructed to estimate an individual’s 
membership in either the Medellin or the Not Medellin category based on elemental 
concentrations.  Though logistic regressions are based on assumptions of normality in the 
distribution of the continuous predictor variables, which are violated in this case, the 
models serve to illustrate that the elemental concentrations have a non-random 
association with birthplace.  To construct the logistic regression model, stepwise 
selection was used such that the model contains only variables with a significance of 
α≤0.05.  Once the variables were selected, a Hosmer and Lemeshow Goodness-of-Fit test 
was applied to check whether the predicted outcome of the model and the given 
dependent variable in the data were significantly different.   
The global hypothesis of no relationship between the selected predictor elements 
and the municipality category was rejected (χ2 = 14.94, DF = 2, p=0.001).  Sr was found 
to be the most significant predictor of municipality with a p-value of 0.004, followed by 
Co.  The Hosmer and Lemeshow Goodness-of-Fit test suggested that the model had an 
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appropriate fit (χ2 = 9.09, DF = 8, p = 0.33).  The complete model, p-values, and odds 
ratios are located in Table 4-4.  Classifications are based on a probability of group 
membership of at least 0.5.  The classification accuracy, calculated as the number of 
correct classifications divided by the total number of classifications and converted to a 
percentage, is 72%.   
 
Table 4-2: Summary statistics by Municipality category. 
Element Category n Mean Standard 
Deviation 
Median Minimum Maximum W p<W 
Li Medellin 31 0.84 0.97 0.57 0.08 4.72 0.69 <0.0001 
Li Not 30 0.81 1.09 0.52 0.00 5.64 0.65 <0.0001 
B Medellin 31 6.68 3.53 6.22 2.37 17.57 0.91 0.01 
B Not 30 6.37 3.95 5.55 2.04 17.92 0.84 0.00 
Al Medellin 31 0.59 1.02 0.00 0.00 3.14 0.64 <0.0001 
Al Not 30 1.68 4.01 0.00 0.00 24.83 0.39 <0.0001 
V Medellin 31 0.07 0.06 0.06 0.00 0.23 0.84 0.00 
V Not 30 0.06 0.08 0.05 0.00 0.45 0.53 <0.0001 
Cr Medellin 31 0.22 0.30 0.10 0.00 1.18 0.74 <0.0001 
Cr Not 30 0.15 0.25 0.07 0.00 1.05 0.61 <0.0001 
Mn Medellin 31 4.97 6.40 2.41 0.32 28.28 0.64 <0.0001 
Mn Not 30 6.76 9.79 2.99 0.00 40.78 0.62 <0.0001 
Co Medellin 31 0.31 0.11 0.29 0.17 0.72 0.78 <0.0001 
Co Not 30 0.29 0.12 0.28 0.14 0.65 0.92 0.02 
Ni Medellin 31 6.08 1.91 5.86 3.03 10.81 0.95 0.12 
Ni Not 30 5.59 2.45 5.42 2.28 10.45 0.93 0.06 
Cu Medellin 31 1.09 2.12 0.60 0.26 12.30 0.33 <0.0001 
Cu Not 30 13.87 48.98 0.66 0.20 200.01 0.29 <0.0001 
As Medellin 31 0.05 0.04 0.04 0.01 0.16 0.85 0.00 
As Not 30 0.05 0.03 0.05 0.01 0.16 0.84 0.00 
Rb Medellin 31 0.78 0.44 0.64 0.17 2.16 0.85 0.00 
Rb Not 30 0.70 0.40 0.61 0.15 1.59 0.93 0.06 
Sr Medellin 31 123.81 53.70 112.70 62.46 312.60 0.87 0.00 
Sr Not 30 198.59 144.51 187.52 34.03 678.28 0.80 <0.0001 
Y Medellin 31 0.01 0.01 0.00 0.00 0.03 0.73 <0.0001 
Y Not 30 0.01 0.01 0.00 0.00 0.03 0.75 <0.0001 
Mo Medellin 31 0.08 0.04 0.07 0.02 0.18 0.89 0.01 
Mo Not 30 0.06 0.06 0.04 0.00 0.26 0.85 0.00 
Ag Medellin 31 0.44 2.38 0.00 0.00 13.26 0.18 <0.0001 
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Element Category n Mean Standard 
Deviation 
Median Minimum Maximum W p<W 
Ag Not 30 0.37 1.22 0.02 0.00 6.23 0.34 <0.0001 
Cd Medellin 31 0.05 0.02 0.04 0.01 0.11 0.98 0.68 
Cd Not 30 0.06 0.05 0.04 0.01 0.18 0.78 <0.0001 
Sn Medellin 31 0.71 1.54 0.27 0.00 7.71 0.44 <0.0001 
Sn Not 30 8.44 42.03 0.28 0.00 230.81 0.20 <0.0001 
Sb Medellin 31 0.05 0.12 0.00 0.00 0.53 0.50 <0.0001 
Sb Not 30 0.06 0.18 0.00 0.00 1.01 0.31 <0.0001 
Cs Medellin 31 0.01 0.01 0.00 0.00 0.03 0.70 <0.0001 
Cs Not 30 0.00 0.01 0.00 0.00 0.03 0.76 <0.0001 
Ba Medellin 31 4.79 3.32 3.93 1.27 17.19 3.93 11.04 
Ba Not 30 20.75 65.51 5.47 1.70 363.13 0.28 <0.0001 
La Medellin 31 0.01 0.01 0.00 0.00 0.05 0.64 <0.0001 
La Not 30 0.00 0.01 0.00 0.00 0.02 0.76 <0.0001 
Ce Medellin 31 0.01 0.02 0.01 0.00 0.08 0.72 <0.0001 
Ce Not 30 0.01 0.01 0.01 0.00 0.03 0.85 0.00 
Pr Medellin 31 0.00 0.00 0.00 0.00 0.02 0.79 <0.0001 
Pr Not 30 0.00 0.00 0.00 0.00 0.02 0.74 <0.0001 
Nd Medellin 31 0.01 0.01 0.00 0.00 0.02 0.75 <0.0001 
Nd Not 30 0.00 0.00 0.00 0.00 0.02 0.75 <0.0001 
Sm Medellin 31 0.00 0.00 0.00 0.00 0.01 0.76 <0.0001 
Sm Not 30 0.00 0.00 0.00 0.00 0.02 0.58 <0.0001 
Eu Medellin 31 0.00 0.00 0.00 0.00 0.01 0.78 <0.0001 
Eu Not 30 0.01 0.02 0.00 0.00 0.09 0.36 <0.0001 
Gd Medellin 31 0.00 0.00 0.00 0.00 0.01 0.64 <0.0001 
Gd Not 30 0.00 0.00 0.00 0.00 0.01 0.57 <0.0001 
Ho Medellin 31 0.00 0.00 0.00 0.00 0.01 0.61 <0.0001 
Ho Not 30 0.00 0.00 0.00 0.00 0.01 0.39 <0.0001 
Tm Medellin 31 0.00 0.00 0.00 0.00 0.01 0.53 <0.0001 
Tm Not 30 0.00 0.00 0.00 0.00 0.01 0.48 <0.0001 
Yb Medellin 31 0.00 0.00 0.00 0.00 0.01 0.45 <0.0001 
Yb Not 30 0.00 0.00 0.00 0.00 0.01 0.49 <0.0001 
Pb Medellin 31 6.77 11.04 2.29 0.17 52.61 0.60 <0.0001 
Pb Not 30 6.47 9.07 3.46 0.33 38.79 0.67 <0.0001 
U Medellin 31 0.00 0.00 0.00 0.00 0.02 0.62 <0.0001 
U Not 30 0.00 0.01 0.00 0.00 0.02 0.71 <0.0001 
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Table 4-3: Kruskal-Wallis test for differences in distribution of Municipality. 
Element χ2 Degrees of 
Freedom 
p > χ2 
Li 0.32 1 0.57 
B 0.68 1 0.41 
Al 0.28 1 0.6 
V 0.65 1 0.42 
Cr 1.2 1 0.27 
Mn 0.3 1 0.58 
Co 0.42 1 0.52 
Ni 0.91 1 0.34 
Cu 0.58 1 0.44 
As 0.003 1 0.95 
Rb 0.63 1 0.43 
Sr 6.45 1 0.01 
Y 0.12 1 0.73 
Mo 3.85 1 0.05 
Ag 3.76 1 0.05 
Cd 0.001 1 0.98 
Sn 0.79 1 0.37 
Sb 0.35 1 0.56 
Cs 0.67 1 0.41 
Ba 3.63 1 0.06 
La 0.93 1 0.34 
Ce 1 1 0.32 
Pr 0.17 1 0.68 
Nd 0.36 1 0.55 
Sm 1.02 1 0.31 
Eu 0.56 1 0.46 
Gd 0.12 1 0.72 
Ho 0.01 1 0.91 
Tm 0.29 1 0.59 
Yb 0.51 1 0.47 
Pb 0.01 1 0.91 
U 0.84 1 0.36 
 
 
67 
 
Table 4-4: Logistic regression model for Municipality. 
Test  χ2 DF p > χ2  
Likelihood 14.94 2 0.001 
Hosmer/Lemeshow 9.09 8 0.33 
 
Parameter Degrees 
of 
Freedom 
Estimate Error χ2 p > χ2 Odds 
Ratio 
95% 
Confidence 
Interval 
Intercept 1 0.12 0.88 0.02 0.89   
Co 1 8.29 3.7 5.02 0.03 >999.999 (2.82, 
>999.999) 
Sr 1 -0.02 0.01 8.11 0.004 0.983 (0.97, 1.00) 
 
 
REGION 
 The East category contains 9 individuals, the West contains 11, and the 
Metropolitan category has 32.  Only 52 of the 61 individuals were included in this 
analysis.  The other 9 individuals had birthplaces outside of Antioquia, and could not be 
categorized into a relevant geographically bounded group.  Descriptive statistics are 
reported for each group in Table 4-5.  As with the data for municipality categories, the 
distributions do not appear normal.  Using a 5% α level for the interpretation of the 
Shapiro-Wilk test of normality, 29% of the data show a normal distribution, also included 
in Table 4-5.  Since the majority of the distributions are not normal, nonparametric 
methods are preferred.   
 The Kruskal-Wallis test, presented in Table 4-6, shows that there is some 
difference between groups for Ag at the 5% α level, and for Mo and Tm at the 10% α 
level. 
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 Finally, logistic regressions were created to predict group membership.  Binary 
models were used to assess the predictive power for each category: i.e. to examine how 
well each category could be described by the data.  The 10% α level was selected for the 
logistic regression model because for this exploratory analysis, creating a more nuanced 
model was more important than creating a more sensitive model.  That is, the higher 
possibility of making a Type I error and concluding that the predictor variable was 
significant when it truly was not was deemed less important than failing to include the 
variable when it had a strong possibility of contributing to the overall predictive power of 
the model.  For the East category, the global hypothesis of no relationship between the 
variables and category membership was rejected (χ2 = 5.50, DF = 2, p = 0.06); the 
Hosmer and Lemeshow Goodness-of-Fit test did not reject the model (χ2 = 8.87, DF = 8, 
p = 0.35).  Cd is the main predictor with p = 0.08, along with Sb.  The classification 
accuracy is 81%.  The null hypothesis is also rejected for the West category (χ2 = 4.5, DF 
= 1, p = 0.03).  The Hosmer and Lemeshow Goodness-of-Fit test suggests the fit was 
acceptable (χ2 = 2.45, DF = 3, p = 0.49).  Al is the only significant predictor with p = 
0.09.  The classification accuracy is 81% for this category as well.  The null hypothesis is 
rejected for the Metropolitan category (χ2 = 15.56, DF = 3, p = 0.001).  The most 
significant predictor variable is Sr (p = 0.01), followed by Co and Eu, and the Goodness-
of-Fit test shows the model is reasonable (χ2 = 7.51, DF = 8, p = 0.48).  The classification 
accuracy is 73%.  The logistic models are summarized in Table 4-7.  When the 
probabilities of membership in each group were compared for each individual and the 
highest was selected, an overall classification accuracy of 67% is achieved.   
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Table 4-5: Summary statistics by Region category. 
Element Region n Mean Standard 
Deviation 
Median Minimum Maximum W p<W 
Li East 9 1.20 1.72 0.73 0.00 5.64 0.63 0.00 
Li Metro 32 0.84 0.93 0.58 0.08 4.72 0.68 <0.0001 
Li West 11 0.46 0.50 0.27 0.00 1.55 0.85 0.05 
B East 9 6.95 4.79 5.19 2.99 17.92 0.81 0.03 
B Metro 32 6.56 3.53 6.20 2.37 17.57 0.90 0.01 
B West 11 6.00 2.48 5.85 2.04 9.78 0.93 0.41 
Al East 9 0.47 0.75 0.00 0.00 1.83 0.67 0.00 
Al Metro 32 0.57 1.01 0.00 0.00 3.14 0.63 <0.0001 
Al West 11 1.85 3.06 0.93 0.00 10.50 0.65 0.00 
V East 9 0.05 0.02 0.05 0.03 0.08 0.92 0.43 
V Metro 32 0.07 0.06 0.06 0.00 0.23 0.84 0.00 
V West 11 0.07 0.13 0.04 0.00 0.45 0.52 <0.0001 
Cr East 9 0.10 0.09 0.09 0.00 0.23 0.88 0.15 
Cr Metro 32 0.22 0.30 0.09 0.00 1.18 0.74 <0.0001 
Cr West 11 0.12 0.15 0.06 0.00 0.49 0.79 0.01 
Mn East 9 8.21 10.03 3.64 0.61 29.50 0.72 0.00 
Mn Metro 32 4.89 6.31 2.40 0.32 28.28 0.63 <0.0001 
Mn West 11 4.57 6.30 2.28 0.00 22.93 0.59 <0.0001 
Co East 9 0.29 0.09 0.30 0.16 0.39 0.91 0.32 
Co Metro 32 0.31 0.11 0.29 0.17 0.72 0.78 <0.0001 
Co West 11 0.27 0.10 0.28 0.14 0.42 0.94 0.57 
Ni East 9 5.46 2.14 5.98 2.33 7.97 0.91 0.31 
Ni Metro 32 6.00 1.94 5.73 3.03 10.81 0.95 0.13 
Ni West 11 5.47 2.49 4.98 2.28 9.05 0.92 0.30 
Cu East 9 0.90 0.79 0.66 0.29 2.89 0.70 0.00 
Cu Metro 32 1.07 2.09 0.60 0.26 12.30 0.32 <0.0001 
Cu West 11 19.00 60.04 0.77 0.20 200.01 0.35 <0.0001 
As East 9 0.04 0.02 0.05 0.01 0.08 0.93 0.52 
As Metro 32 0.05 0.04 0.04 0.01 0.16 0.86 0.00 
As West 11 0.05 0.02 0.05 0.01 0.08 0.97 0.92 
Rb East 9 0.73 0.44 0.64 0.15 1.39 0.93 0.50 
Rb Metro 32 0.77 0.44 0.64 0.17 20.16 0.84 0.00 
Rb West 11 0.65 0.41 0.61 0.20 1.59 0.90 0.20 
Sr East 9 161.89 64.11 178.87 47.22 238.78 0.93 0.53 
Sr Metro 32 122.56 53.30 111.52 62.46 312.60 0.86 0.00 
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Element Region n Mean Standard 
Deviation 
Median Minimum Maximum W p<W 
Sr West 11 165.31 103.48 148.22 34.03 375.92 0.94 0.50 
Y East 9 0.01 0.01 0.00 0.00 0.03 0.65 0.00 
Y Metro 32 0.01 0.01 0.00 0.00 0.03 0.72 <0.0001 
Y West 11 0.01 0.01 0.01 0.00 0.02 0.85 0.04 
Mo East 9 0.06 0.05 0.06 0.00 0.14 0.97 0.90 
Mo Metro 32 0.07 0.04 0.07 0.02 0.18 0.91 0.01 
Mo West 11 0.05 0.04 0.04 0.00 0.12 0.87 0.07 
Ag East 9 0.05 0.04 0.03 0.00 0.13 0.89 0.18 
Ag Metro 32 0.43 2.34 0.00 0.00 13.26 0.18 <0.0001 
Ag West 11 0.37 0.82 0.02 0.00 2.48 0.53 <0.0001 
Cd East 9 0.06 0.04 0.05 0.01 0.14 0.91 0.35 
Cd Metro 32 0.04 0.02 0.04 0.01 0.11 0.97 0.53 
Cd West 11 0.04 0.04 0.03 0.02 0.16 0.60 <0.0001 
Sn East 9 0.44 0.37 0.49 0.03 1.26 0.86 0.10 
Sn Metro 32 0.69 1.52 0.25 0.00 7.71 0.44 <0.0001 
Sn West 11 1.14 2.64 0.27 0.09 9.01 0.44 <0.0001 
Sb East 9 0.15 0.33 0.01 0.00 1.01 0.52 <0.0001 
Sb Metro 32 0.05 0.12 0.00 0.00 0.53 0.49 <0.0001 
Sb West 11 0.01 0.02 0.00 0.00 0.06 0.75 0.00 
Cs East 9 0.00 0.00 0.00 0.00 0.01 0.83 0.05 
Cs Metro 32 0.01 0.01 0.00 0.00 0.03 0.69 <0.0001 
Cs West 11 0.01 0.01 0.00 0.00 0.03 0.63 <0.0001 
Ba East 9 6.15 6.03 4.27 2.17 21.73 0.63 0.00 
Ba Metro 32 4.78 3.27 4.02 1.27 17.19 0.81 <0.0001 
Ba West 11 41.79 107.23 5.83 2.16 363.13 0.42 <0.0001 
La East 9 0.00 0.01 0.00 0.00 0.02 0.77 0.01 
La Metro 32 0.01 0.01 0.00 0.00 0.05 0.64 <0.0001 
La West 11 0.01 0.01 0.00 0.00 0.02 0.79 0.01 
Ce East 9 0.01 0.01 0.01 0.00 0.02 0.88 0.17 
Ce Metro 32 0.01 0.02 0.01 0.00 0.08 0.71 <0.0001 
Ce West 11 0.01 0.01 0.00 0.00 0.03 0.82 0.02 
Pr East 9 0.00 0.00 0.00 0.00 0.00 0.92 0.39 
Pr Metro 32 0.00 0.00 0.00 0.00 0.02 0.78 <0.0001 
Pr West 11 0.00 0.01 0.00 0.00 0.02 0.79 0.01 
Nd East 9 0.00 0.00 0.00 0.00 0.01 0.84 0.06 
Nd Metro 32 0.00 0.01 0.00 0.00 0.02 0.74 <0.0001 
Nd West 11 0.01 0.01 0.00 0.00 0.02 0.81 0.01 
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Element Region n Mean Standard 
Deviation 
Median Minimum Maximum W p<W 
Sm East 9 0.00 0.00 0.00 0.00 0.00 0.94 0.56 
Sm Metro 32 0.00 0.00 0.00 0.00 0.01 0.75 <0.0001 
Sm West 11 0.00 0.01 0.00 0.00 0.02 0.64 <0.0001 
Eu East 9 0.00 0.00 0.00 0.00 0.00 0.89 0.18 
Eu Metro 32 0.00 0.00 0.00 0.00 0.01 0.78 <0.0001 
Eu West 11 0.01 0.03 0.00 0.00 0.09 0.51 <0.0001 
Gd East 9 0.00 0.00 0.00 0.00 0.00 0.78 0.01 
Gd Metro 32 0.00 0.00 0.00 0.00 0.00 0.63 <0.0001 
Gd West 11 0.00 0.00 0.00 0.00 0.01 0.65 0.00 
Ho East 9 0.00 0.00 0.00 0.00 0.00 0.65 0.00 
Ho Metro 32 0.00 0.00 0.00 0.00 0.01 0.61 <0.0001 
Ho West 11 0.00 0.00 0.00 0.00 0.01 0.48 <0.0001 
Tm East 9 0.00 0.00 0.00 0.00 0.00 0.39 <0.0001 
Tm Metro 32 0.00 0.00 0.00 0.00 0.01 0.52 <0.0001 
Tm West 11 0.00 0.00 0.00 0.00 0.01 0.58 <0.0001 
Yb East 9 0.00 0.00 0.00 0.00 0.00 0.76 0.01 
Yb Metro 32 0.00 0.00 0.00 0.00 0.01 0.45 <0.0001 
Yb West 11 0.00 0.00 0.00 0.00 0.01 0.59 <0.0001 
Pb East 9 11.22 12.74 3.80 0.37 38.79 0.79 0.02 
Pb Metro 32 6.60 10.91 2.02 0.17 52.61 0.59 <0.0001 
Pb West 11 3.14 3.06 2.67 0.40 10.87 0.82 0.02 
U East 9 0.00 0.00 0.00 0.00 0.00 0.88 0.18 
U Metro 32 0.00 0.00 0.00 0.00 0.02 0.61 <0.0001 
U West 11 0.00 0.00 0.00 0.00 0.01 0.61 <0.0001 
 
Table 4-6: Kruskal-Wallis test for differences in distribution of Region. 
Element χ2 DF p> χ2 
Li 3.14 2 0.21 
B 0.14 2 0.93 
Al 2.69 2 0.26 
V 1.36 2 0.51 
Cr 1.02 2 0.60 
Mn 1.82 2 0.40 
Co 0.74 2 0.69 
Ni 0.50 2 0.78 
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Element χ2 DF p> χ2 
Cu 0.95 2 0.62 
As 0.47 2 0.79 
Rb 0.92 2 0.63 
Sr 3.63 2 0.16 
Y 0.35 2 0.84 
Mo 4.54 2 0.10 
Ag 7.15 2 0.03 
Cd 1.72 2 0.42 
Sn 0.90 2 0.64 
Sb 2.01 2 0.37 
Cs 0.58 2 0.75 
Ba 3.36 2 0.19 
La 0.19 2 0.91 
Ce 0.46 2 0.79 
Pr 1.05 2 0.59 
Nd 0.21 2 0.90 
Sm 1.46 2 0.48 
Eu 2.57 2 0.28 
Gd 0.75 2 0.69 
Ho 0.56 2 0.76 
Tm 5.65 2 0.06 
Yb 1.25 2 0.54 
Pb 3.65 2 0.16 
U 0.39 2 0.82 
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Table 4-7: Logistic regression models for Region. 
East     
Test χ2 DF p> χ2 
Likelihood 5.5 2 0.06 
Hosmer/Lemeshow 8.87 8 0.35 
 
Parameter DF Estimate Error χ2 p> χ2 Odds 
Ratio 
95% 
Confidence 
Interval 
Intercept 1 2.86 0.8 12.69 0.0004   
Cd 1 -19.01 10.83 3.08 0.08 <0.001 (0.001,9.17) 
Sb 1 -3.22 1.88 2.93 0.09 0.04 (0.001,1.60) 
 
Metro     
Test χ2 DF p> χ2 
Likelihood 15.56 3 0.001 
Hosmer/Lemeshow 7.51 8 0.48 
 
Parameter DF Estimate Error χ2 p> χ2 Odds 
Ratio 
95% 
Confidence 
Interval 
Intercept 1 0.13 1.17 0.01 0.91   
Co 1 -14 5.56 6.33 0.01 <0.001 (0.001,0.05) 
Sr 1 0.02 0.01 8 0.01 1.02 (1.01,1.04) 
Eu 1 241.4 122.3 3.9 0.05 >999.999 (5.78,1000) 
        
West     
Test χ2 DF p> χ2 
Likelihood 4.5 1 0.03 
Hosmer/Lemeshow 2.42 3 0.49 
 
Parameter DF Estimate Error χ2 p> χ2 Odds 
Ratio 
95% 
Confidence 
Interval 
Intercept 1 1.74 0.44 15.96 <0.0001   
Al 1 -0.44 0.26 2.86 0.09 0.64 (0.38,1.07) 
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GEOLOGY 
 The Pre-Cambrian Igneous category contains 35 individuals, the Paleozoic has 7, 
the Mesozoic contains 13, and the Cenozoic category comprises 6 individuals.  The 
descriptive statistics for each category are shown in Table 4-8.  The Shapiro-Wilk test for 
normality shows that 34% of the data are normally distributed, also shown in Table 4-8.  
Nonparametric methods, which are less sensitive to violations of normality, were used.  
The Kruskal-Wallis test, shown in Table 4-9, demonstrates that there is some difference 
between groups in the distributions of Ba, Eu, and Tm at the 5% α level.   
 Logistic regressions with binary outcomes were generated to predict membership 
for each group.  These models were the most difficult to construct, which suggests that 
age of the geological substrate is not a relevant way to classify the data.  The α level for 
stepwise selection was set to 0.3, and even with such a large α level no model could be 
constructed for Mesozoic group membership.  However, each model is that could be 
constructed is shown in Table 4-10.  For the Pre-Cambrian Igneous category, Ni and Sr 
were significant predictors with p = 0.01.  The classification accuracy is 69%.  The 
Paleozoic model uses Sm with p = 0.27, and the classification accuracy is 89%.  Finally, 
the Cenozoic classification is most significantly predicted by Cr and U (p = 0.13) along 
with Mn and Cd, and has a classification accuracy of 97%.  The overall classification 
accuracy when the probability of membership in each group is compared for an 
individual is 67%.   
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Table 4-8: Summary statistics by Geology category. 
Element Geology n Mean Standard 
Deviation 
Median Minimum Maximum W p<W 
Li Ceno 6 1.60 2.18 0.64 0.00 5.64 0.79 0.05 
Li Meso 13 0.62 0.56 0.50 0.00 1.55 0.88 0.08 
Li Paleo 7 0.78 0.47 0.78 0.21 1.48 0.92 0.51 
Li Ign 35 0.78 0.94 0.52 0.00 4.72 0.68 <0.0001 
B Ceno 6 5.87 3.66 4.65 2.31 12.51 0.87 0.25 
B Meso 13 6.82 3.80 5.98 2.04 16.92 0.85 0.03 
B Paleo 7 6.56 3.36 4.75 2.89 17.92 0.74 0.01 
B Ign 35 6.53 3.48 6.19 2.37 17.57 0.90 0.00 
Al Ceno 6 0.05 0.12 0.00 0.00 0.29 0.50 <0.0001 
Al Meso 13 1.62 2.85 0.79 0.00 10.40 0.62 <0.0001 
Al Paleo 7 0.37 0.71 0.00 0.00 1.83 0.64 0.00 
Al Ign 35 1.28 4.21 0.00 0.00 24.83 0.31 <0.0001 
V Ceno 6 0.04 0.02 0.03 0.02 0.08 0.82 0.10 
V Meso 13 0.09 0.12 0.06 0.00 0.45 0.64 0.00 
V Paleo 7 0.04 0.02 0.03 0.02 0.08 0.92 0.49 
V Ign 35 0.07 0.05 0.06 0.00 0.23 0.83 <0.0001 
Cr Ceno 6 0.02 0.04 0.00 0.00 0.07 0.66 0.00 
Cr Meso 13 0.19 0.27 0.09 0.00 0.96 0.70 0.00 
Cr Paleo 7 0.11 0.09 0.09 0.00 0.23 0.93 0.57 
Cr Ign 35 0.24 0.32 0.10 0.00 1.18 0.74 <0.0001 
Mn Ceno 6 10.37 11.65 4.49 1.06 29.50 0.81 0.07 
Mn Meso 13 7.34 11.57 3.23 0.00 40.78 0.58 <0.0001 
Mn Paleo 7 4.99 7.25 2.35 0.61 21.03 0.64 0.00 
Mn Ign 35 4.69 6.07 2.41 0.32 28.28 0.62 <0.0001 
Co Ceno 6 0.30 0.13 0.27 0.16 0.55 0.86 0.20 
Co Meso 13 0.30 0.14 0.28 0.14 0.65 0.90 0.15 
Co Paleo 7 0.28 0.10 0.23 0.17 0.39 0.82 0.06 
Co Ign 35 0.31 0.11 0.29 0.16 0.72 0.79 <0.0001 
Ni Ceno 6 5.25 2.56 4.89 2.50 9.76 0.91 0.47 
Ni Meso 13 5.83 2.76 6.12 2.28 10.45 0.93 0.32 
Ni Paleo 7 4.86 1.70 4.83 3.03 7.57 0.91 0.42 
Ni Ign 35 6.14 1.99 5.87 2.33 10.81 0.97 0.39 
Cu Ceno 6 1.13 1.82 0.41 0.31 4.84 0.52 <0.0001 
Cu Meso 13 30.75 72.46 1.08 0.20 200.01 0.46 <0.0001 
Cu Paleo 7 1.02 0.87 0.77 0.29 2.89 0.76 0.02 
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Element Geology n Mean Standard 
Deviation 
Median Minimum Maximum W p<W 
Cu Ign 35 1.03 2.00 0.65 0.26 12.30 0.31 <0.0001 
As Ceno 6 0.04 0.02 0.04 0.02 0.08 0.93 0.59 
As Meso 13 0.05 0.04 0.05 0.01 0.16 0.76 0.00 
As Paleo 7 0.03 0.02 0.05 0.01 0.06 0.84 0.09 
As Ign 35 0.05 0.04 0.04 0.01 0.16 0.09 0.00 
Rb Ceno 6 0.60 0.28 0.52 0.27 1.05 0.95 0.73 
Rb Meso 13 0.74 0.46 0.61 0.20 1.59 0.90 0.15 
Rb Paleo 7 0.81 0.35 0.79 0.38 1.39 0.95 0.74 
Rb Ign 35 0.75 0.45 0.63 0.15 2.16 0.87 0.00 
Sr Ceno 6 234.47 223.74 157.97 66.96 678.21 0.72 0.01 
Sr Meso 13 208.74 150.64 205.45 34.03 601.72 0.86 0.04 
Sr Paleo 7 176.40 83.78 178.87 8.81 317.84 0.93 0.56 
Sr Ign 35 126.87 56.42 114.41 47.22 312.60 0.91 0.01 
Y Ceno 6 0.00 0.00 0.00 0.00 0.01 0.86 0.20 
Y Meso 13 0.01 0.01 0.01 0.00 0.02 0.89 0.11 
Y Paleo 7 0.01 0.01 0.00 0.00 0.03 0.60 0.00 
Y Ign 35 0.01 0.01 0.00 0.00 0.03 0.72 <0.0001 
Mo Ceno 6 0.05 0.05 0.03 0.01 0.13 0.83 0.12 
Mo Meso 13 0.07 0.07 0.04 0.00 0.26 0.74 0.00 
Mo Paleo 7 0.05 0.03 0.06 0.00 0.08 0.89 0.30 
Mo Ign 35 0.08 0.04 0.07 0.00 0.18 0.94 0.05 
Ag Ceno 6 0.06 0.12 0.00 0.00 0.29 0.60 0.00 
Ag Meso 13 0.80 1.80 0.03 0.00 6.23 0.53 <0.0001 
Ag Paleo 7 0.04 0.05 0.00 0.00 0.13 0.74 0.01 
Ag Ign 35 0.39 2.24 0.00 0.00 13.26 0.18 <0.0001 
Cd Ceno 6 0.06 0.06 0.04 0.01 0.17 0.83 0.12 
Cd Meso 13 0.06 0.05 0.03 0.02 0.18 0.68 0.00 
Cd Paleo 7 0.04 0.03 0.03 0.02 0.09 0.80 0.04 
Cd Ign 35 0.05 0.03 0.05 0.01 0.14 0.93 0.04 
Sn Ceno 6 0.58 0.65 0.38 0.13 1.88 0.71 0.01 
Sn Meso 13 18.92 63.71 0.36 0.09 230.81 0.33 <0.0001 
Sn Paleo 7 0.39 0.42 0.27 0.00 1.26 0.81 0.06 
Sn Ign 35 0.65 1.45 0.22 0.00 7.71 0.43 <0.0001 
Sb Ceno 6 0.17 0.41 0.00 0.00 1.01 0.52 <0.0001 
Sb Meso 13 0.02 0.03 0.01 0.00 0.09 0.79 0.01 
Sb Paleo 7 0.03 0.06 0.00 0.00 0.15 0.65 0.00 
Sb Ign 35 0.05 0.11 0.00 0.00 0.53 0.49 <0.0001 
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Element Geology n Mean Standard 
Deviation 
Median Minimum Maximum W p<W 
Cs Ceno 6 0.00 0.00 0.00 0.00 0.01 0.76 0.02 
Cs Meso 13 0.01 0.01 0.00 0.00 0.03 0.79 0.01 
Cs Paleo 7 0.00 0.00 0.00 0.00 0.01 0.85 0.12 
Cs Ign 35 0.01 0.01 0.00 0.00 0.03 0.69 <0.0001 
Ba Ceno 6 7.54 7.76 4.43 1.70 21.73 0.81 0.07 
Ba Meso 13 40.52 97.94 8.36 2.28 363.13 0.42 <0.0001 
Ba Paleo 7 5.27 2.69 4.27 2.16 10.68 0.85 0.13 
Ba Ign 35 4.63 3.20 3.90 1.27 17.19 0.81 <0.0001 
La Ceno 6 0.00 0.00 0.00 0.00 0.01 0.72 0.01 
La Meso 13 0.01 0.01 0.00 0.00 0.02 0.85 0.03 
La Paleo 7 0.00 0.01 0.00 0.00 0.02 0.68 0.00 
La Ign 35 0.01 0.01 0.00 0.00 0.05 0.62 <0.0001 
Ce Ceno 6 0.01 0.01 0.00 0.00 0.02 0.82 0.10 
Ce Meso 13 0.01 0.01 0.01 0.00 0.03 0.89 0.11 
Ce Paleo 7 0.01 0.01 0.00 0.00 0.02 0.75 0.01 
Ce Ign 35 0.01 0.02 0.01 0.00 0.08 0.69 <0.0001 
Pr Ceno 6 0.00 0.00 0.00 0.00 0.01 0.67 0.00 
Pr Meso 13 0.00 0.00 0.01 0.00 0.02 0.82 0.01 
Pr Paleo 7 0.00 0.00 0.00 0.00 0.00 0.92 0.48 
Pr Ign 35 0.00 0.00 0.00 0.00 0.02 0.76 <0.0001 
Nd Ceno 6 0.00 0.00 0.00 0.00 0.01 0.82 0.08 
Nd Meso 13 0.00 0.01 0.00 0.00 0.02 0.80 0.01 
Nd Paleo 7 0.00 0.00 0.00 0.00 0.01 0.83 0.08 
Nd Ign 35 0.00 0.01 0.00 0.00 0.02 0.72 <0.0001 
Sm Ceno 6 0.00 0.00 0.00 0.00 0.00 1.00 1.00 
Sm Meso 13 0.00 0.01 0.00 0.00 0.02 0.65 0.00 
Sm Paleo 7 0.00 0.00 0.00 0.00 0.00 0.86 0.15 
Sm Ign 35 0.00 0.00 0.00 0.00 0.01 0.76 <0.0001 
Eu Ceno 6 0.00 0.00 0.00 0.00 0.01 0.80 0.06 
Eu Meso 13 0.01 0.02 0.01 0.00 0.09 0.50 <0.0001 
Eu Paleo 7 0.00 0.00 0.00 0.00 0.00 0.87 0.18 
Eu Ign 35 0.00 0.00 0.00 0.00 0.01 0.78 <0.0001 
Gd Ceno 6 0.00 0.00 0.00 0.00 0.00 0.50 <0.0001 
Gd Meso 13 0.00 0.00 0.00 0.00 0.01 0.66 0.00 
Gd Paleo 7 0.00 0.00 0.00 0.00 0.00 0.78 0.03 
Gd Ign 35 0.00 0.00 0.00 0.00 0.01 0.63 <0.0001 
Ho Ceno 6 0.00 0.00 0.00 0.00 0.00 0.50 <0.0001 
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Element Geology n Mean Standard 
Deviation 
Median Minimum Maximum W p<W 
Ho Meso 13 0.00 0.00 0.00 0.00 0.01 0.47 <0.0001 
Ho Paleo 7 0.00 0.00 0.00 0.00 0.00 0.87 0.19 
Ho Ign 35 0.00 0.00 0.00 0.00 0.01 0.58 <0.0001 
Tm Ceno 6 0.00 0.00 0.00 0.00 0.00 0.50 <0.0001 
Tm Meso 13 0.00 0.00 0.00 0.00 0.01 0.58 <0.0001 
Tm Paleo 7 0.00 0.00 0.00 0.00 0.00 0.45 <0.0001 
Tm Ign 35 0.00 0.00 0.00 0.00 0.01 0.49 <0.0001 
Yb Ceno 6 0.00 0.00 0.00 0.00 0.00 0.50 <0.0001 
Yb Meso 13 0.00 0.00 0.00 0.00 0.01 0.58 <0.0001 
Yb Paleo 7 0.00 0.00 0.00 0.00 0.00 0.77 0.02 
Yb Ign 35 0.00 0.00 0.00 0.00 0.01 0.44 <0.0001 
Pb Ceno 6 5.58 3.43 6.21 0.33 8.59 0.84 0.14 
Pb Meso 13 4.94 7.65 2.67 0.40 28.52 0.61 <0.0001 
Pb Paleo 7 5.61 8.43 3.78 0.37 24.23 0.65 0.00 
Pb Ign 35 7.63 11.85 2.35 0.17 52.61 0.64 <0.0001 
U Ceno 6 0.01 0.01 0.00 0.00 0.01 0.83 0.11 
U Meso 13 0.00 0.00 0.00 0.00 0.01 0.71 0.00 
U Paleo 7 0.00 0.01 0.00 0.00 0.02 0.64 0.00 
U Ign 35 0.00 0.00 0.00 0.00 0.02 0.61 <0.0001 
 
Table 4-9: Kruskal-Wallis test for differences in distribution of Geology. 
Element χ2 DF p> χ2 
Li 1.22 3 0.75 
B 0.78 3 0.86 
Al 4.05 3 0.26 
V 2.10 3 0.55 
Cr 5.44 3 0.14 
Mn 2.52 3 0.47 
Co 0.50 3 0.92 
Ni 3.23 3 0.36 
Cu 5.95 3 0.11 
As 1.64 3 0.65 
Rb 1.32 3 0.72 
Sr 6.10 3 0.11 
Y 2.69 3 0.44 
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Element χ2 DF p> χ2 
Mo 5.20 3 0.16 
Ag 3.69 3 0.30 
Cd 0.86 3 0.83 
Sn 2.93 3 0.40 
Sb 0.64 3 0.89 
Cs 2.90 3 0.41 
Ba 9.92 3 0.02 
La 3.61 3 0.31 
Ce 1.09 3 0.78 
Pr 6.13 3 0.11 
Nd 0.74 3 0.86 
Sm 4.23 3 0.24 
Eu 7.83 3 0.05 
Gd 2.46 3 0.48 
Ho 2.69 3 0.44 
Tm 10.44 3 0.02 
Yb 2.95 3 0.40 
Pb 1.04 3 0.79 
U 2.86 3 0.41 
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Table 4-10: Logistic regression models for Geology. 
Cenozoic     
Test χ2 DF p>χ2 
Likelihood 33.41 4 <0.0001 
Hosmer/Lemeshow 0.07 3 1 
 
Parameter DF Estimate Error χ2 p>χ2 Odds 
Ratio 
95% Confidence 
Interval 
Intercept 1 12.32 7.61 2.61 0.11   
Cr 1 413.7 272.6 2.3 0.13 >999.999 (0.001,1000) 
Mn 1 -1.28 0.89 2.08 0.15 0.28 (0.05,1.58) 
Cd 1 -85.39 58.02 2.17 0.14 <0.001 (0.001,1000) 
U 1 -2315.9 1513.7 2.34 0.13 <0.001 (0.001,1000) 
 
Paleozoic     
Test χ2 DF p> χ2 
Likelihood 1.8 1 0.18 
Hosmer/Lemeshow 5.17 5 0.4 
 
Parameter DF Estimate Error χ2 p> χ2 Odds 
Ratio 
95% Confidence 
Interval 
Intercept 1 1.61 0.49 10.63 0.001   
Sm 1 295 269 1.2 0.27 >999.999 (0.001,1000) 
 
Igneous     
Test χ2 DF p> χ2 
Likelihood 16.43 2 0.0003 
Hosmer/Lemeshow 8.64 8 0.37 
 
Parameter DF Estimate Error χ2 p> χ2 Odds 
Ratio 
95% Confidence 
Interval 
Intercept 1 -0.14 0.88 0.02 0.88   
Ni 1 -0.46 0.19 5.96 0.01 0.63 (0.43,0.91) 
Sr 1 0.02 0.01 7.76 0.01 1.01 (1.01,1.03) 
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5. DISCUSSION 
Determining the exact sources of trace elements is impossible without precise 
knowledge about the minutiae of each individual’s life.  The use of a particular cooking 
pot could dramatically change the availability of some elements (e.g. Fimreite 1997), as 
could a predilection for a certain type of food (e.g. Ragajopalan 1988, Wapnir 1998).  
Social status also affects the availability of some foods within a population – specifically 
those which are considered expensive or rare (e.g. Lambert et al. 1979, Schoeninger 
1979, Hatch and Geidel 1985, Byrne and Parris 1987).  Without controlling for an 
individual’s diet (and thus their cultural affiliation, social status, and personal 
preferences) no assessment of trace element profiles of dental enamel can be truly 
complete.   
However, broad patterns across a group can still be recognized (Beck 1985), and 
there is evidence that even in the modern world of globalized food sources there is 
detectable dietary heterogeneity within socio-political groups (Valenzuela et al. 2012).  
For the purposes of this analysis, patterns of elemental concentration will be attributed to 
environmental factors when possible rather than to cultural factors.  These cultural factors 
do have an influence on the trace element profile of each individual, but since this 
influence is not quantifiable, it must be disregarded.  Essentially, this analysis assumes 
that on average, cultural factors apply equally to each individual within a particular group 
in the sample – that similar agricultural practices were used throughout the group, similar 
diets were consumed, similar food preparation practices were utilized, etc.  Though this is 
an overly simplistic model it allows for the most basic relationship – the relationship 
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between an individual’s geographic origin and the trace element profile of his or her 
dental enamel – to be assessed.   
The following section will address the 10 elements which were incorporated into 
logistic regression models (Al, Cr, Mn, Co, Ni, Sr, Cd, Sb, Eu, U) as well as the 4 
elements which showed a difference in median and distribution among test groups (Mo, 
Ag, Ba, Tm).  Possible sources of variation will be discussed.  Overall, the vast majority 
of these elements vary based on the unique composition of the underlying geology.  
Because this research is primarily anthropological rather than geological in nature, this 
variation will be addressed at a very basic level which undoubtedly oversimplifies the 
complex nature of this model.  However, it still serves to offer possible explanations for 
the significance of these particular elements in estimating region of origin.  Additionally, 
several elements are associated with industrial pollution, and others may be associated 
with specific cultural practices. The use of these factors to estimate region of origin may 
be useful, but cultural factors are likely to be more variably expressed in the population 
from a certain area, and may not be as reliable as geological factors.   
 
SOURCES OF COMPOSITIONAL VARIATION 
The use of Al to predict membership in the West region of Antioquia emphasizes the 
use of geological features to estimate region of origin.  Al is absorbed primarily from 
plant consumption and the concentration is influenced by the soil in which the plants are 
grown (Underwood 1977, Greger 1993), and to a lesser degree by food preparation 
practices (Fimreite 1997).  The western portion of Antioquia, which lays on the Pacific 
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side of the Cordillera Occidental mountain range, is classified as a Tropical Lower 
Montane or Premontane Rain Forest and characterized by a high amount of rainfall and 
moderately acidic soils.  The soils are rich in organic matter and Al, but low in Ca, Mg, 
and K (Lutteyn 1999).  Because Al was the only predictor variable chosen during 
stepwise selection of this logistic regression model, it is apparent that high Al 
concentration resulting from this soil type characterizes the teeth of individuals from 
western Antioquia.   
Overall, geologically driven variation tends to be the most effective for region of 
origin discrimination.  Among the elements vary by geological substrate are Mn, Co, and 
Ni, Sr, and Mo.  A geochemical map of Antioquia (Figure) shows variation in Mn 
concentrations as measured by stream active sediments (Arredondo and Escobar 2007).  
These differences are reflected in enamel when the individuals are classified by the age of 
the geological substrate.  Certain conditions may also arise which cause Mn to be 
particularly soluble in water, as is the case with the Riogrande II reservoir in central 
Antioquia (Salazar et al. 2013).  The metropolitan area of Antioquia is categorized as a 
basalt highland, which has high levels of Co, as well as Cu, Fe, and Pb (Golley et al. 
1978).   It follows that Co is a highly significant predictor in the logistic regression model 
for Metropolitan region membership.  Ni is associated with igneous geologies 
(Arredondo and Escobar 2007) and serves to predict Precambrian Igneous group 
membership.  Sr is particularly associated with igneous bedrock, which explains its 
selection as a predictor not only of origin in Medellin, but of membership in both the 
metropolitan Antioquia and Precambrian Igneous categories (Liu et al. 2014).   
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Mo is associated with Cu rich geologies, and is found in lower concentrations in the 
Cordillera Occidental range, which runs through western Antioquia (Sillitoe et al. 1982).  
Thus, it is found to have different medians and distributions between the West region of 
Antioquia (which includes the Cordillera Occidental) and the other regions, and between 
Medellin (which is located in a Mo rich intermontane depression) and others.   
Ba shows geologically driven variation associated with the Cordillera Oriental 
mountain range, the westernmost edge of which lies along the eastern border of 
Antioquia (Edmond et al. 1996).  The Cordillera Oriental is primarily composed of 
Mesozoic strata, which explains why Ba concentrations show a different distribution 
between Medellin (which is primarily Precambrian Igneous) and other areas, as well as 
why the Mesozoic category shows a significantly different distribution than the other 
geological categories (Julivert 1970).    
The rare earth elements, including Eu and Sm, tend to have minute concentrations 
and do not concentrate in rare earth minerals (Henderson 1984).  There is little 
information available on natural bioavailability of these elements, nor on their absorption 
processes in humans.  However, variation in concentration is associated with different 
geological compositions and may explain their incorporation into the logistic models for 
the Metropolitan region and the Paleozoic category, respectively (Henderson 1984).  
Additionally, Eu is commonly used in television sets and fluorescent lamps, so 
production or waste from these products may explain the high Eu concentration in the 
Metropolitan region (Blasse and de Vries 1973).    
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 U shows minor geological variation, and is especially prevalent in igneous 
bedrock (World Nuclear Association 2010).  The use of U in the geological category 
regression models may reflect this variation.  Additionally, there is a U ore mine located 
in the Caldas Department in Colombia, which suggests that this area has significantly 
higher geological U concentrations (U308Corp 2014).   
Ag, which was found to have a different median among Municipality and Region 
categories, is concentrated in the El Zancudo Deposit (Gallego Hernandez and Akasaka 
2007).  El Zancudo is located on the western flank of the Central Cordillera mountain 
range, slightly south of Medellin.  Higher levels of Ag from this deposit may be reflected 
in soil concentrations, which could then be incorporated into biological structures and 
result in higher enamel concentrations.  However, the metabolic processes associated 
with Ag absorption are not well studied and Ag contamination from amalgam dental 
restorations may artificially inflate Ag levels (Skare and Engqvist 1994).  Variation in Ag 
concentrations throughout this sample may be the result of differential exposure to such 
restorations, rather than reflecting patterned geographic differences. 
Other elements which may reflect the effects of pollution rather than geological 
variation include Cr and Cd.  Cr presents an interesting problem – Cr is a byproduct of 
wastewater from leather tanneries, one of which is located in Medellin (GilPavas et al. 
2011), so individuals from Medellin would be expected to have a higher concentration of 
Cr than others.  However, leather tanning is among the most prevalent industries in 
Colombia (Duque et al. 2009), so Cr pollution may be present across Colombia.  Further, 
Cr absorption is metabolically regulated, so extremely high levels are unlikely in healthy 
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individuals (Anderson 1997).  Minor variations in Cr within the normal healthy range are 
used in the logistic regression to predict geological substrate and may reflect geological 
differences.  High concentrations of Cd and Sb have been found in municipal waste 
dumps east of Medellin (Pinzon et al. 2010), as well as resulting from industrial 
processes and fossil fuel use (Gomez et al. 2011).  However, dispersal patterns of 
airborne pollutants can be difficult to predict so there is not a perfect correlation between 
the geographic location of industrial waste producing processes and peak concentrations 
of these elements (Fernandez et al. 2000). 
 
MODEL ASSESSMENT 
 Because the Medellin category represents the smallest geographic area, 
individuals from Medellin are exposed to the same geological factors as well as the same 
types of pollution, and are more likely to share the same cultural factors.  Within the 
Municipality model, the Medellin category is easily distinguishable from the Not 
Medellin category because the individual elemental profiles are more similar to each 
other than they are to individuals from other areas; similarly, differences between the 
Medellin profiles are smaller than those between other profiles.  This model is also the 
strongest because the groups within the sample are approximately the same size with 31 
individuals from Medellin, and 30 from other areas.   
For Municipality, the overall classification accuracy (which is the number of 
correct predictions relative to the total number of individuals) is 72%.  The precision is 
69%, which expresses the proportion of true positive predictions (the model predicted 
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municipality as Medellin when it was true) to all positive predictions (the total number of 
times the model predicted the municipality as Medellin).  The sensitivity demonstrates 
the number of true positive predictions relative to the total number of true positives (the 
proportion of individuals from Medellin who were correctly identified); this value is 
81%.  See Table 5-1 for a summary of these statistics.  When accuracy, sensitivity, and 
precision are calculated based on the proportion of each category represented in the 
sample, the experimental values are found to be higher than the calculated values in all 
cases.  Basically, this demonstrates that the model is fairly good at predicting 
Municipality category and that it is more biased toward predicting that individuals are 
from Medellin.   
 
Table 5-1: Comparison of experimental and calculated classification rates. 
Bold values represent experimental classification rates that are lower than the calculated 
rates, and therefore represent a poor model. 
Category Experimental 
Accuracy 
Calculated 
Accuracy 
Experimental 
Sensitivity 
Calculated 
Sensitivity 
Experimental 
Precision 
Calculated 
Precision 
Medellin 72% 50% 69% 51% 81% 51% 
Not 72% 50% 69% 49% 81% 49% 
Overall 72% 50% 69% 49% 81% 50% 
       
East 81% 62% 33% 17% 11% 15% 
Metropolitan 73% 43% 74% 62% 88% 52% 
West 81% 58% 100% 21% 9% 18% 
Overall 67% 55% 62% 39% 49% 33% 
       
Cenozoic 97% 82% 100% 10% 67% 10% 
Mesozoic -- 80% -- 11% -- 11% 
Paleozoic 89% 66% 0% 21% 0% 21% 
Igneous 69% 51% 69% 57% 83% 57% 
Overall 67% 70% 59% 40% 60% 40% 
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 Region category membership is more difficult to predict because each category 
comprises a larger geographic area, allowing for more intra-group variation in geological 
composition as well as exposure to pollution and cultural behaviors.  The group sizes are 
smaller as well, with the East category containing only 9 individuals and the West 
category having 11; the Metropolitan category is three times larger with 32 individuals.  
This causes the logistic regression models to be unbalanced: each model is likely to 
predict that a given individual is a member of the largest group because that group has the 
best defined characteristics.  The overall classification accuracy is 67%; the Metropolitan 
category has the highest sensitivity (that is, the highest likelihood of being correctly 
identified), and the West category has the highest precision (the lowest likelihood of 
being misidentified).  See Table 5-1.  The classification accuracy demonstrates that while 
these models do not have the best fit overall, the elemental profiles for each region are 
defined enough to allow predictions that are better than chance. 
 Geology category membership is the most difficult to predict.  This is likely 
because the classification scheme used, that of geological age, does not correlate well 
with the actual compositional variation: geological age categories do not accurately 
describe the complexities of geological variation.  This oversimplification may explain 
why no significant regression model could be devised for Mesozoic category 
membership: the category included too much variation, so no elemental profile was found 
in common among all the members.  The lack of an experimental model for this category 
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means that the calculated model has a better classification accuracy overall, with 70% 
accuracy compared to the experimental 67% accuracy.  However, the experimental 
sensitivity is better at 59%, and the precision is better at 60%, shown in Table 5-1.   
 
CONFOUNDING FACTORS 
 The selection of a good model may be the most difficult part of estimating region 
of origin.  Without much larger samples for each municipality, it is impossible to develop 
elemental profiles for geographic points.  This means that some sort of arbitrary grouping 
must be imposed in order to find statistically significant results.  If the classification 
scheme does not account for the actual variation present in the samples, and will result in 
an inaccurate, insensitive, and imprecise model.  In this analysis, Municipality is an 
example of a good model because it compares a single geographic (therefore geological 
and cultural) population with a relatively well defined elemental profile to all others 
within the sample.  Geology is a poor model because its categories do not reflect actual 
variation and the categories do not have well defined, predictable profiles.  Region is 
intermediate – some variation does seem to be explained by this model.   
 An assortment of other factors may also confound the prediction models.  First 
and foremost among these is the simple fact of human error, which may arise at any step 
in the analytical process.  Possible errors in this research include incorrect recording of 
information during inhumation, exhumation, or accession into the Antioquia Modern 
Skeletal Collection.  Teeth may have been mislabeled during extraction or mixed up 
during sampling (either the Row 2012 research or current research).  Sampling error is 
90 
 
also a distinct possibility: contamination on the teeth may have been incorporated into the 
analysis, or instrumental fluctuations may not have been totally accounted for during the 
calibration process.  There may be actual individual variation which is too extreme or too 
random to fit a model without a much larger and more robust sample.  Such individual 
variation might result from differences in metabolism, diet, or food preparation practices, 
or from exposure to dental restorations or medical therapies.   
Finally, this sample was previously examined by Sr isotope analysis using 
Thermal Ionization Mass Spectrometry (TIMS) (Row 2012).  TIMS is a destructive 
analysis requiring the use of a small drill to remove the outer enamel surface of each 
tooth, and after a lengthy purification process the enamel powder is finally analyzed 
(Balasse 2002).  Variation in the compositional profile of trace elements may exist among 
different enamel depths, so the use of a sample which has previously been exfoliated may 
introduce another confounding factor to elemental analysis.  However, the fact that LA-
ICP-MS analysis has yielded statistically significant results suggests that this technique 
may be robust enough to apply to damaged teeth, which may be present in cases of 
forensic interest.  
 
STRONTIUM ISOTOPE ANALYSIS COMPARISON 
 Despite the myriad uncertainties of these modeling schemes, they are still better 
estimators of region of origin than Sr isotope analysis.  During the 2013 Sr isotope 
analysis, the sample was divided into Medellin/Non-Medellin and Antioquia/Non-
Antioquia categories.  The results are summarized in Table 5-2.  Because the isotopic 
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data was found to be not normally distributed, nonparametric statistics were used.  Mann-
Whitney U-tests were used to assess whether there was a difference in median for either 
classification scheme.  The null hypothesis of no difference was retained for both cases at 
the α=0.05 significance level.  Thus, using Sr isotope analysis no significant differences 
were detected and no region of origin estimation was possible within this sample.  Trace 
element analysis is therefore more sensitive to minor geographic variations.   
 
Table 5-2: Sr isotope analysis results. 
Group Mean Error 
Medellin 0.70748 0.00207 
Non-Medellin 0.70710 0.00105 
Antioquia 0.70746 0.00174 
Non-Antioquia 0.70704 0.00104 
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6. CONCLUSIONS 
 The most salient problem in this analysis is sample size: future research with 
larger samples is necessary to refine the compositional profile of a given location and to 
account for normal human variation (Juarez 2008).  Analysis which incorporates more 
geographic variation will also help distinguish what geological, biological, or cultural 
factors contribute to an individual’s unique compositional profile (Mutzel et al. 2010).  
Other ways to distinguish sources of elemental variation include the use of samples 
which are controlled for tooth type, sex, age at tooth extraction, and post-extraction 
interval and conditions (Brown et al. 2002).    
 The effects of diet are also an important factor, though one which is difficult to 
assess.  The use of samples with documented cultural dietary patterns may be a potential 
way to examine these effects.  It would also be useful to control for a history of medical 
interventions which may introduce high levels of rare elements, as well as to control for 
the presence of dental pathologies and restorations (Underwood 1977, Skare and 
Engqvist 1994, Darrah 2009). 
 Similarly, further research into the distribution of trace elements throughout 
dental enamel is needed.  Analysis of elemental profile variation along the growth axis of 
the tooth could reveal information about age related metabolic changes, changing diet, or 
residential mobility during childhood (Hillson 1996, Beard and Johnson 2000).  
Investigating variation from the dentinoenamel junction to the outermost enamel layer 
may shed light on differential incorporation of elements from blood transport versus 
salivary contamination (Underwood 1977, Hillson 1996).   
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 The overarching question of this research has simply been this: is there a future 
for trace element analysis as a method of estimating region of origin in forensic 
anthropology?  The answer is a resounding “Yes.”  Trace element analysis using LA-
ICP-MS is a fast, minimally destructive method which requires very little sample 
preparation.  It is capable of detecting geographic variation when Sr isotope analysis is 
not, and has the potential for high classification accuracies when large reference samples 
are available.  Analysis of enamel is preferable to that of bone because it is highly 
resistant to diagenetic change on a forensic time scale (Hoppe et al. 2003, Sponheimer 
and Lee-Thorpe 2006).  This research demonstrates that even without controlling for each 
factor which may contribute to the elemental profile, classifications and predictions about 
region of origin can be made.  This suggests that there is great potential for trace element 
analysis of human dental enamel for estimating region of origin to be extended to 
forensic applications in the future.   
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7. APPENDIX A: PERIODIC TABLE OF ELEMENTS 
 
(Brewton-Parker College 2010) 
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8. APPENDIX B: SAMPLE DEMOGRAPHIC DATA 
Table 8-1: Individual demographics. 
Individual Sex Age Arcade Tooth Municipality Department 
12105 M 25 Maxillary RM1 Medellin Antioquia 
13095 F 27 Maxillary RM3 Medellin Antioquia 
13138 M 25 Maxillary RM2 Medellin Antioquia 
14060 M 47 Maxillary LPM2 Barranquilla Atlantico 
14061 M 27 Maxillary LM2 Medellin Antioquia 
23023 M 44 Maxillary LC Medellin Antioquia 
 M 44 Maxillary RM2 Medellin Antioquia 
26016 M 71 Mandibular RPM1 Abejorral Antioquia 
42018 M 65 Maxillary RM2 Caceres Antioquia 
42045 F 32 Maxillary RPM1 Santuario Antioquia 
214012 M 28 Maxillary RPM1 Toledo Antioquia 
313009 M 87 Mandibular RM2 Medellin Antioquia 
324019 M 50 Maxillary LM2 Rionegro Antioquia 
372068 M 48 Maxillary LM2 Girardot Cundinamarca 
372162 M 12 Maxillary LM2 Medellin Antioquia 
373067 M 17 Maxillary RPM1 Andes Antioquia 
374038 M 38 Mandibular LM1 N/A Quindio 
375022 M 55 Mandibular RC Andes Antioquia 
615126 M 41 Maxillary LC Venecia Antioquia 
 M 41 Maxillary LPM2 Venecia Antioquia 
615151 M 25 Maxillary LPM1 Raudal Antioquia 
622067 F 42 Maxillary RM1 Barranquilla Atlantico 
624015 M 41 Maxillary RM2 Belen de Umbria Risaralda 
 M 41 Maxillary RM3 Belen de Umbria Risaralda 
625047 M 21 Maxillary LM1 Pueblorrico Antioquia 
625053 M 61 Mandibular RC Medellin Antioquia 
632072 M 54 Maxillary LM1 Medellin Antioquia 
674023 M 36 Mandibular RM2 Urrao Antioquia 
 M 36 Maxillary LPM1 Urrao Antioquia 
711036 F 63 Mandibular RPM1 Caldas Supia Caldas 
722017 F 54 Maxillary LPM2 Isminia Choco 
 F 54 Maxillary LPM2 Isminia Choco 
751027 M 52 Maxillary LM1 Barbosa Antioquia 
761011 M 10 Maxillary LM1 Medellin Antioquia 
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Individual Sex Age Arcade Tooth Municipality Department 
792009 M 31 Mandibular LPM1 Medellin Antioquia 
 M 31 Mandibular LM3 Medellin Antioquia 
793020 M 65 Maxillary RC Medellin Antioquia 
794009 M 22 Maxillary RPM2 Medellin Antioquia 
811003 M 28 Maxillary LM2 Narino Antioquia 
814032 M 26 Maxillary LPM1 Medellin Antioquia 
815027 M 23 Maxillary RM1 Sogamoso Boyaca 
 M 23 Maxillary LPM1 Sogamoso Boyaca 
841026 M 17 Mandibular LM3 Medellin Antioquia 
843003 M 26 Maxillary LM2 Medellin Antioquia 
845007 M 17 Maxillary RM2 Medellin Antioquia 
871065 M 33 Maxillary LI2 Medellin Antioquia 
 M 33 Maxillary RM1 Medellin Antioquia 
872057 M 17 Maxillary RM3 Cocorna Antioquia 
 M 17 Maxillary LM1 Cocorna Antioquia 
873067 M 40 Maxillary LM2 Medellin Antioquia 
 M 40 Maxillary RM3 Medellin Antioquia 
875144 M 25 Maxillary RM3 Medellin Antioquia 
875146 M 15 Maxillary LM1 Medellin Antioquia 
875166 M 39 Maxillary RM2 Venecia Antioquia 
876139 M 23 Maxillary RC Medellin Antioquia 
 M 23 Maxillary RPM1 Medellin Antioquia 
876162 M 17 Maxillary LC Santa Barbara Antioquia 
 M 17 Maxillary LM2 Santa Barbara Antioquia 
901018 M 22 Maxillary LM3 Medellin Antioquia 
901024 M 59 Maxillary LPM1 Bolivar Antioquia 
901053 F 25 Maxillary RI1 Urrao Antioquia 
902033 M 27 Maxillary RM1 Medellin Antioquia 
903006 M 64 Maxillary RM2 Santa Fe de Antioquia Antioquia 
 M 64 Maxillary RC Santa Fe de Antioquia Antioquia 
903032 M 30 Mandibular LPM1 Medellin Antioquia 
 M 30 Mandibular LM2 Medellin Antioquia 
903071 M 19 Maxillary LM2 Amalfi Antioquia 
904002 M 26 Maxillary LM3 Yolombo Antioquia 
904015 M 17 Maxillary LPM1 Medellin Antioquia 
 M 17 Maxillary RM1 Medellin Antioquia 
904031 M 37 Mandibular RC Medellin Antioquia 
904035 M 55 Maxillary RM1 Medellin Antioquia 
904051 M 30 Maxillary LPM1 Medellin Antioquia 
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Individual Sex Age Arcade Tooth Municipality Department 
932041 F 19 Mandibular LM1 Medellin Antioquia 
934033 M 17 Mandibular RM3 Quibdo Choco 
 
 
 
Table 8-2: Individual classification categories. 
Individual Municipality Municipality 
Category 
Department Region Region 
Category 
Geology Geology 
Category 
12105 Medellin Medellin Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
13095 Medellin Medellin Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
13138 Medellin Medellin Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
14060 Medellin Medellin Atlantico N/A N/A Quaternary Cenozoic 
14061 Medellin Medellin Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
23023 Medellin Medellin Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
26016 Medellin Medellin Antioquia East East Precambrian-
Paleozoic 
Paleozoic 
42018 Medellin Medellin Antioquia Bajo Cauca East Tertiary Cenozoic 
42045 Medellin Medellin Antioquia East East Precambrian-
Paleozoic 
Paleozoic 
214012 Medellin Medellin Antioquia North West Jurassic-
Cretaceous 
Mesozoic 
313009 Medellin Medellin Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
324019 Medellin Medellin Antioquia East East Precambrian-
Paleozoic 
Paleozoic 
372068 Medellin Medellin Cundinamarca N/A N/A Cretaceous Mesozoic 
372162 Medellin Medellin Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
373067 Medellin Medellin Antioquia Southwest West Jurassic-
Cretaceous 
Mesozoic 
374038 Medellin Medellin Quindio N/A N/A Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
375022 Medellin Medellin Antioquia Southwest West Jurassic-
Cretaceous 
Mesozoic 
615126 Medellin Medellin Antioquia Southwest West Jurassic-
Cretaceous 
Mesozoic 
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Individual Municipality Municipality 
Category 
Department Region Region 
Category 
Geology Geology 
Category 
615151 Medellin Medellin Antioquia Magdalena 
Medio 
East Tertiary Cenozoic 
622067 Medellin Medellin Atlantico N/A N/A Quaternary Cenozoic 
624015 Medellin Medellin Risaralda N/A N/A Jurassic-
Cretaceous 
Mesozoic 
625047 Medellin Medellin Antioquia Southwest West Jurassic-
Cretaceous 
Mesozoic 
625053 Medellin Medellin Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
632072 Medellin Medellin Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
674023 Medellin Medellin Antioquia Southwest West Jurassic-
Cretaceous 
Mesozoic 
711036 Medellin Medellin Caldas N/A N/A Cambrian-
Ordovician 
Paleozoic 
722017 Medellin Medellin Choco N/A N/A Quaternary Cenozoic 
751027 Medellin Medellin Antioquia Metro Metro Precambrian-
Paleozoic 
Paleozoic 
761011 Medellin Medellin Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
792009 Medellin Medellin Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
793020 Medellin Medellin Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
794009 Caceres Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
811003 Abejorral Not 
Medellin 
Antioquia East East Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
814032 Narino Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
815027 Rionegro Not 
Medellin 
Boyaca N/A N/A Cretaceous Mesozoic 
841026 Santuario Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
843003 Cocorna Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
845007 Raudal Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
871065 Barbosa Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
872057 Yolombo Not 
Medellin 
Antioquia East East Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
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Individual Municipality Municipality 
Category 
Department Region Region 
Category 
Geology Geology 
Category 
 873067 Amalfi Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
874067 Toledo Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
875144 Barranquilla Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
875146 Barranquilla Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
875166 Quibdo Not 
Medellin 
Antioquia Southwest West Jurassic-
Cretaceous 
Mesozoic 
876139 Girardot Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
876162 Sogamoso Not 
Medellin 
Antioquia Southwest West Precambrian-
Paleozoic 
Paleozoic 
901018 Isminia Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
901024 Caldas Supia Not 
Medellin 
Antioquia Southwest West Jurassic-
Cretaceous 
Mesozoic 
901053 N/A Not 
Medellin 
Antioquia Southwest West Jurassic-
Cretaceous 
Mesozoic 
902033 Belen de 
Umbria 
Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
903006 Andes Not 
Medellin 
Antioquia West West Jurassic-
Cretaceous 
Mesozoic 
903032 Andes Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
903071 Bolivar Not 
Medellin 
Antioquia Northeast East Precambrian-
Paleozoic 
Paleozoic 
904002 Pueblorrico Not 
Medellin 
Antioquia Northeast East Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
904015 Urrao Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
904031 Venecia Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
904035 Santa 
Barbara 
Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
904051 Urrao Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
932041 Venecia Not 
Medellin 
Antioquia Metro Metro Pre-Cambrian 
Igneous 
Pre-
Cambrian 
Igneous 
934033 Santa Fe de 
Antioquia 
Not 
Medellin 
Choco N/A N/A Quaternary Cenozoic 
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